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FOREWORD 

This investigation focuses on the long-term effectiveness and stability of three commercial corrosion inhibitor 
admixtures (one nitrite-based and the other two organic) in slowing the initiation and progression of corro- 
sion in steel-reinforced concrete structures for new construction and for repair applications. The investiga- 
tion examined the ability of inhibitors to remain in place in concrete, and the effectiveness of the inhibitors 
after chloride contamination of the concrete. The work included tests in liquid solutions, laboratory concrete 
specimens, and yard and field tests. This interim report documents the progress achieved and preliminary 
results obtained during the first three years of work. Transport rates in concrete were evaluated for the 
nitrite-based inhibitor and found to be comparable to those of chloride ions. The nature and extent of 
binding of this inhibitor in concrete, as well as its effects on pore water chemistry, were also determined. In 
early testing the calcium nitrite inhibitor tended to show better corrosion mitigating performance than the 
organic inhibitors. 

This report provides insight into the ability of admixed corrosion inhibitors to be effective in controlling 
corrosion of steel in concrete. It will be of interest to materials and bridge engineers, inspectors, construction 
contractors who are involved with reinforced concrete structures, and corrosion control specialists. 

T. Paul Teng, P.E. 
Director, Office of Infrastructure 
Research and Development 

NOTICE 

This document is disseminated under the sponsorship of the United States Department of Transportation in 
the interest of information exchange. The United States Government or the State of Florida assumes no 
liability for its content or use thereof. This report does not constitute a standard, specification, or regulation. 

The United States Government or the State of Florida does not endorse products or manufacturers. Trade 
and manufacturers' names appear in this report only because they are considered essential to the object of 
the document. 
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EXECUTIVE SUMMARY 

This interim report summarizes the findings of the first three years of an ongoing seven-year investi- 
gation conducted jointly by the Florida Department of Transportation IFDOT) and the University of 
South Florida. The overall objective of this work is to assess the effectiveness of corrosion inhibi- 
tors for steel in concrete, with emphasis on new construction applications. Both the ability of the 
inhibitor to remain in place in the concrete for very long times, and the ability to control corrosion 
even far into the future are evaluated. Three commercially available inhibitors. DCI-S, FerroGard 
901, and Rheocrete 222+, have been selected for detailed examination. 

The ability of the inhibitor to stay in place was examined by laboratory experiments of inhibitor 
diffusion and by examination of available concrete samples exposed for long periods of time to the 
environment. To determine the amount of inhibitor remaining, it was first necessary to develop 
reliable inhibitor analysis techniques. The work to date has developed an accurate method to analyze 
for calcium nitrite-containing DCI-S. Tentative analytical procedures have been developed for 
FerroGard 90 1. 

Experiments with DCI-S have indicated a diffusivity comparable to that of chloride ions in concrete. 
At the dosages commonly used for this inhibitor, the prognosis is good for remaining in adequate 
amounts in sound, high-quality concrete for extended periods of time. Examination of test slabs 
exposed to 17 years weathering supported that conclusion. The slab tests also indicated that a high 
level of corrosion protection was achieved when the mass of nitrite ion per volume of concrete 
equaled or exceeded that of chloride ions. Tests with DCI-S have also disclosed that typically only a 
fraction of the inhibitor resides in the pore water of the concrete. Corrosion tests in simulated pore 
water indicated that under typical dosage conditions that fraction provides significant protection to 
steel even when the chloride content in the pore water greatly exceeded the amount that initiates 
corrosion in concrete without inhibitor. Additional experiments revealed that nitrite in the pore 
water slightly reduced pH, a potentially detrimental effect. However, the tests also indicated that the 
effect of pH reduction was amply counteracted by the overall beneficial action of the nitrite ion. 
Tentative tests with FerroGard 901 suggest that its diffusivity in concrete is also comparable to that 
of chloride ions. 

In open-circuit immersion tests in calcium hydroxide solutions with added chloride ions, DCI-S was 
found to have the most significant corrosion inhibition effect of the three products examined, while 
FerroGard 901 and Rheocrete 222+ exhibited little or no inhibiting effect. Tests were also conducted 
with reinforced concrete specimens partially immersed in salt water. The tests used a variety of 
concrete mixes, including those using ordinary Portland cement and cement blended with pozzolanic 
additions (fly ash, microsilica). Although some of the tests are still ongoing, preliminary results 
indicate that DCI-S was the most effective of the three inhibitors in mitigating corrosion. Tests with 
FerroGard 901 showed only modest indications of corrosion protection, while under the test condi- 
tions used, the Rheocrete 222+ specimens showed little evidence of effective corrosion protection. 
Longer tests with less acceleration are in progress, both in the laboratory and with test piles in an 
FDOT coastal test facility, to assess the long-term performance of the inhibitors. 

Initial tests have indicated that the protection obtained by DCI-S becomes significantly less when 
used at half the recommended dosage. No appreciable changes from the full-dosage performance 



were observed for the other two inhibitors when the dosage was reduced by 112. None of the inhibi- 
tors tested appears to strongly affect the extent to which chloride ions penetrate in concrete, or to 
significantly affect the strength or sulfate resistance of the concrete. However, the presence of DCI-S 
did reduce the resistivity of the concrete tested by about 113. This effect could somewhat increase 
the severity of corrosion macrocells once chloride contamination becomes strong enough to over- 
come the protective action of the inhibitor. 

This investigation is in progress and the above findings are subject to update as additional results 
develop. 
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INTRODIJCTION AKD ORSEC TIVFS 

T'his interim report sumniarizes the findings of'the first three !.ears of' a n  ongoing seven-!.ear 
in\,estigation conducted jointly hy tlie Florida Department of Transportation (1:DOT) and the 
Irni\,ersity of South Florida. The o\,erall ob,jective of this lvork is to assess the e f k c t i ~ m e s s  of' 
corrosion inhibitors for steel in concrete, with emphasis 011 new construction applications but also for 
selected rehabilitation applications. 

'The effecti\.eness of a steel corrosion inhibitor in concrete depends first on the abilit!. of the inhibitor 
to remain in place in the concrete for nha t  Inay be a very long seri.ice l i f t .  (e.g.. 100 !.ears). and 
second on the ability to control corrosion e l m  far into the future when aggressi\.e substances from 
the environment finally build up to significant levels at the steel s~~rf i ice .  Moremw. an appropriate 
corrosion inhibitor must not cause negati\.e side effects such as pitting corrosion or degradation of 
pIi!.sical properties of the concrete. Finally. use of a suitable corrosion inhibitor should fa\.orably 
impact tlie designed life cycle cost of the structure. Rehabilitation applications sliould sat isf~.  the 
same general principles. keeping in mind the desired length of service. l'hesc considerations led to 
establishing the following specific project ob.jectives and corresponding tasks: 

EVALIJATE ABILITY OF INHIBITOR 7 ' 0  S l  AY IK PI iI('1 

Develop Methodolog) for Analys~s of Inhib~tors ln C oncrete 
Determme the Long-'Term Stabi l~t j  of Corros~on Inhlb~tors In ('oncrete 

ESTIMATE LONG-TERM EFFECT I'C'ENESS - ZIl_C'I IANIS I IC' ISS1-ES 

F,xamine Inhibitor Degradation Mechanisms 
Binding Effects 
Other Inh~bitor Mechanism Issues - 1)osage Needs 

DETERMINE POSSIBLE NEGAfIVE SIDE EFFECTS hlI3CHANISTIC' ISSUES 

Effect on plI  of Pore Solution 

J<STIMA'I'E LONG-TtKM EFFEC'I IVENESS - PER1 ORhl {ACE TESTS 

Perform L.ong-Term Laboratorq Tests. Outdoor Sheltered I t s t ~ .  and Fleld I'ests 
Evaluation of Inhibitor Performance 

D E T E R M N E  IYISSIBLE KECiATIVE SIDE EFFECTS - PF RFORMANCE TESTS 

Fstimated 7'1me to I-allure 
Determine Effect of'lnsufficlent Dosage on C'corros~on Progress~on 
1,ffect of Inhibitor on Chloride I ransport 
l~xaniine Possible Ad\ erse 1;ffects on ('oncrete 1%). s~cd l  Properties 



Objective 6: ESTABLISH SUITABILITY FOR REHABILITATION APPLICATIONS 
Tasks: 

6.1 Evaluate Alternative Repair Strategies 
6.2 Test Field Repairs and Long-Term Assessment 

Tu~o other primary objectives, (7) Establish suitability for new construction applications and (8) 
Quantitative assessment of durability extension, correspond to a later stage of this investigation and 
will not be addressed in this interim report. 

The investigation was focused on the ability of the inhibitors to control chloride-induced corrosion, a 
main source of corrosion deterioration in concrete structures in the U.S. The work addressed three 
inhibitors that were widely commercially available at the start of the investigation. Those inhibitors 
were already being used in a number of building and highway structures, or considered for future 
application. These are a calcium nitrite-based product, DCI-S, and two organic inhibitors. F: 
FerroGard 901 and R: Rheocrete 222+. 

The objectives and tasks indicated above were addressed for each of the three inhibitors. to the extent 
described in the following sections. The experimental approach and corresponding methodologies 
and findings during the first three years of the project are described in each section, keyed to the 
objectives listed above. 



ACTIVITIES AND FINDINGS 

OBtJECTIVE 1 - EVALUATE ABILITY OF INHIBITOR TO STAY IN PLACE 

I .  I Develop Methodology for Analysis of Inhibitors in Concrete 

1 . 1 . 1  Calcium Nitrite-based Inhibitor (DCI-S) 

1 . 1 . 1 . 1  Extraction from hardened concrete. powdered 

The work on analysis n~ethodology development for DCI-S is essentiall! completed. Standard 
methods to determine nitrite content in water were already a\ailable."' Euistlng well-established 
~nethodology for analysis of nitrite in hardened concrete'!) Lvas examined and then impro\~ed to 
enhance nitrite recovery. The resulting procedure uses two consecuti~ e extractions as described 
helow and exemplified by a sample calculation in Appendix 1 .  

'The concrete sample to be analyzed is first powdered until the entire sample passes through a No. 50 
sieve (American Society for Testing and Materials [ASTM] E-1 1 ). A 2 g subsample of the 
homogenized powdered concrete is placed with 200 mL de-ionized distilled \\ater (DDW) and stirred 
for 30 min. The mixture is settled for 5 min and filtered through a No. 30 qualitative filter by vacuum 
filtration. The collected filtrate is saved and the solids on the filter \\ere rinsed back into the flask. 
The solids remaining in the flask are diluted with another 150 mL IIDh'. stirred for 10 min. settled 
fbr 5 min and filtered through the original filter. The step is repeated lvith an additional 100 mL 
IIL>h7. The combined filtrates are then filtered through a Gelman 0.35 p n  membrane and afterwards 
diluted with DDW to a final 500 mI,. .,I11 aliquot of this ("initial") extract is then diluted to obtain a 
target analytical concentration of 0.3 mg NO;/L and analyzed spectrophoto~~~etrically. 

Both the original filter and membrane (with residues intact) are diluted nith DDW to 500 mL and 
stored for 10 to 15 days at room temperature. An aliquot of this ("redual") extract is then diluted 
for spectrophotometric analysis. 

Nitrite analysis of both the initial and residual extracts was performed using the spectrophotometric 
method described by the American Public Health Association (APIIA'I."~ Light absorbance lvas 
measured with a Cary 1 dual-beam spectrophotometer at a wavelength of 543 nm and with a 1-cm 
path length. Standard solutions were used to obtain a calibration cur1.e that Lvas linear (coefficient of 
determination K2=0.9999) for nitrite concentrations from 0 to 0.8 mg NO,-/I*. so that the NO; 
concentration (in mg1L) was equal to the absorption divided b! a calibration factor of 0.912 i / m g .  
'The detection limit was 0.003 mg NO;/L water. The total nitrite reco\.ered \vas calculated by 
summing the recoveries from the initial and residual extractions. 

The measurement result is obtained as the mass of nitrite extracted per mass of powdered concrete. 
An approximate indication of the amount of nitrite extracted per unit \ olunle of concrete can be 
made by assuming that its specific weight is the same as that of the powdered sample. For more 
accurate evaluations (for example. to determine how close to 100 percent is the recovery of admixed 
nitrite), it is desirable to refer the measurements to the mass of oven-dry concrete and then relate that 
amount to the corresponding mass of fresh concrete. To that effect. the e\.aporable nater was 



determined by oven drying a subsample of the powdered concrete and ii~easuring the mass loss. The 
mass of fresh concrete that nnuld have yielded a g i \ w  amount of dr!.. Ilardened concrete was 
obtained b!. I<no\vledge of the initial mix design and nates absorption of aggregates. plus assumption 
ol'tlic degree of' hydration. Since the amount initially admixed is laionx in terms of mass ot' nitrite 
per mass (or per ~ w l u m e )  of fresh concrete. this permits estimating the extent ofreco\.ery. .An 
example calculation of this procedure is gi\,en in Appendix 1 .  

'l'hc estent of reco\.er! was determined for concrete specimens \vith mix design and properties as 
s h o ~ u i  in Table I .  The specimens were cured capped in a plastic mold fi)r 83  da!.s at P C ' .  The 
admixed nitrite concentration for h l i s  C1 was 2.46 mg NO;/g concrete. h'lis CO was a control 
\\.itIiout admixture. Po~vdered concrete samples were obtained one \+.eel; after demolding b!- drilling 
\s ith a inasonry drill and collecting tlie powder. Table 2 sliows tlie nitrite reco\wies obtained i11 6 
replicate tests. \vhich yielded an aLerage nitrite recovery of 0') percent with a standard de\piation of 1 
pucent.  Nitrite recover!. from Mix C'O was similar to the reco\.er!. of the method control. equivalent 
to an apparent addition of about 0.6 percent of the amount admixed to Mix C '  1 .  

Table 1 .  Mix Design and C'oncrctc Properties of' C'! linders C' I ~11d Cc,  

Portland ceinent Type I. lig/m3 3 14 414 
LVater. 1ig1m3 167 186 
Fine aggregate. lighii-' 735 735 
C'oarse aggregate. kg/m' 1045 1045 
D C I - S , :': kg/m' 29.13 ( 1  
Waterlcement (wit) ratio 0.45 0.45 

1.843 1.836 

s about 65 %n.t of water. This 
computing wlc ratio. The ~veight fraction of NO2- in the IIC'I-S used \vas 
determined to be 0.202 

'The results indicated that nitrite can be nearly completely recovered f iom hardened concrete if 
sufficient time is allowed for nitrite to diffuse from powdered samples. 'l'lie initial reco\.ery !.ields 
about 9 1 to 95 percent of the admixed nitrite. while the residue contribution gi1.e~ an additional 6 to 
8 percent. Medford and Lemingt4' reported a 9 3  (* 1 ) percent reco\.ery of theoretical nitrite from 
laborator!, mortar standards. using a procedure corresponding to only the initial step used here. The 
greater recovery with the present method can be ascribed to the longer leaching time for thc residue 
i11 tlie second step. According to pre~.ious results from the present program.""' only a fkaction (e.g.. 
1 ' 1  O to 115) of the admixed nitrite as calcium nitrite is present in the pore solution. L\ it11 most of the 
admixed nitrite being bound else~vhere. The present results (Table 2 )  suggest that the bound nitrite 
may be in reversible equilibrium ~ . i t h  the free nitrite in the pore solution. as essentiall!. all of'the 
nitrite can be extracted at large e n o ~ g h  dilution. 

1 . I . I  .2 Determination of nitrite in pore uater  of hardened concrete. 

lechnolog! for determining the aniount of nitrite in pore Matel ot  hardened concrete ("free nitrite." 
4ee Section 2.2) u a s  also developed. The method was an extension oi'the recentl! i l e ~  eloped in-situ 
leach~ng (ISL) nietliod 'Y Hardened concrete samples ne re  alloned to s tab~l i te  in n I00 pelcent 

3 



Table 2 .  Nitrite Kecol e r ~  from Hardened C'oncrete ( ! Itnder C " 

Replicate 

Standard De\ iation I 1.5 1 0.7 I I 3  

0 

'Ll ean 

I I I 

- I he C '  i.! l inder  c o ~ i h i i i e d  h .47  l\g C 'a iNO,) ,  pe r  m ' oI ' i .o i i c rc~c .  

selati1.e humidity (RI-I) chamber. A slnall catit!, drilled into tlie sample \ \ a h  then partiall!- filled with 
\\ater ( t j  picall! less than 0.4 cm'). 'I'hc water \\-as then allo\\ed to nexl! equilibrate \\it11 the 
~ ~ ~ t x i u n c i i n g  ca\.it\. \\-ater. a process that typicall). took one or more \\eel\s. Sl~ectropl~oto~iietric 
;inai!.sis ot'thc cali ty Lvater (using the method and calibration descrilml itbo\.c in Section 1 . 1 . 1 . 1 )  
alies a l~1v~~pri ; i td i lu t io l i  yielded the nitrite content. \vhicli \ \as assumeci to approach that of the 
s ~ ~ s s o ~ ~ n d i n g  pore water. That ass~uuption Lvas confirmed ly independent pose \\ater expression 
(1'\4'1-) nieasurements.(") 'The methodology is described in detail in Section 2 . 2 .  

91.5 

02.2 

Anal!,sis for this illhibitor is hindered by tw~o basic problems. 1;irst. the composition of this inhibitor 
is proprictas!,. so that i t  is cliflic~~lt to differentiate het~veen the actual inhibiting species and any other 
component (such as fillers. solubilizcrs. etc.) ol'thc product. Second. c \  en il'the appropriate species 
\ \ese identified. standard analqtical teclmiques .is.ith the required sensitii It! and accurac! ma!. not be 
; I \  ailahle e \ w  f'nr simple liquid soli~tions. Consequently. no satistactor!. mctliods f'or analjsis of this 
inhibitor lin\.e been reported. Rc\.ie\v of the literature re\xxled psimaril! cli~alitati\~e or. at hest. 
seniicluantitati\e methods.";-I" 

Initial elt'orts under this project Ibr dewlopment ol'a quantitati1.e anal! tical niethod consisted of the 
itsc of' an at i imo~ii i~m se~isiti\,e electrode. and of anal!.sis of organic residue I,!, cstraction wit11 
sol\.ents. Neither approach produced ~ ~ s e a h l e  resul~s.  Ih r ing  the last !.ear. efii~rts concentrated on 
ihc use ot'i~ltra\,iolet absorption. The it~liibitor has good soli~bilit! in \\atel. \\it11 little turbidity at 
hot11 ~ieiltr;ll or basic pI I .  ,;\ strong. reproducible ahsorption peal; at 221 nm has been used 
successli~ll! t'or construction 01'3 reproducible calibration cur\.c (1:igure 1 ) i n  the concentration range 
o f 7 5  to S5 pg ~ f ' i ~ i h i b i t o r  per cm'  ol'v,ater. The ciilibration \\-as sinii lx ti)r inhibitor dissol\xd into 
neutral distilled \\,atel-. or into tiltereii \later leachate fi-om po\\dered o r  solid concrete. 'I'here are. 
lio\ie\.er. indications that stability of tlie calibration is limited. l'or example. solutions exposed in an 
open bealier to room temperature air for 6 hours sho\\ed I T' ahsorption losses on the order 01-25 
pescent. AS ;I sesult. time limits in testing procedures \ \ . i l l  netxi to he implemented. 

0.5 

7.0 

0S.O 

0 0 , 2  



Recovery achievable from hardened samples using UV absorption has been recently examined by 
casting mortar containing 8 mgig FerroGard 90 1. Portions of the mortar sample are pulverized by 
drilling with a masonry drill. The powder is then leached in water for a period of 12 hours while in a 
motorized shaker. The leachate is filtered through a 0.45 pm filter and the absorption at 224 nm 
determined afterwards. By application of the calibration curves determined as above, extraction 

0 0.2 0.4 0.6 0.8 1 
Absorbance at 224 nm 

Figure 1. Calibration curve for FerroGard 901 by U V  absorption at 224 nm. 

recoveries on the order of 70 percent to 80 percent have been obtained. The amount of recovery does 
not appear to be overly sensitive to thermal aging of the powdered sample. For example, recoveries 
of 68 percent were obtained after placing the sample in an oven at 50° C for about 100 hours. 
Recovery was about 73 percent after exposing the concrete powder to air at room temperature for 
about 50 days. 

Applicability of the method for the determination of free (pore water) inhibitor content will be 
established in the future stages of the project. Another open question is whether the 224 nm peak 
corresponds to the main inhibiting species or to a non-inhibiting component of the product. Tests 
with Benzoic acid (one of the inhibiting agents mentioned in the literature)(14) in alkaline solution 
(NaOH) revealed a strong absorption peak also at 224 nm, suggesting that the chromophore 
associated with dilution of the product in water is at least one of the inhibiting components in the 
product. 

1 .1.3 Organic Corrosion Inhibitor R (Rheocrete 222+) 

Determination of the presence and amount of this corrosion inhibitor in hardened concrete has been 
very challenging and no satisfactory outcome can be reported at this time. Analysis presents all the 
difficulties indicated for the organic corrosion inhibitor F, plus problems resulting from the low 
solubility of this product. Upon introduction in water, the product forms a highly turbid colloidal 
suspension that virtually prevents analysis by UV absorption. The product does dissolve easily in 



acetonitrile. timiling a limpid solution suitable for lJV spectroscopy. \+.liere a composite absorption is 
observed that can be decomposed into t\\.o components at 224 nm and 252 nm. Calibration curves 
(absorption 1,s. content) for Kheocrete 222+ in acetonitrile ha\.e been successfully and consistently 
ohtained using those peaks. Calibration was also feasible fbr Rheocrete 222 - added to acetonitrile 
that had been in contact with mortar pou,der simulating an extraction procedure. Ho\ve\w. when 
acetonitrile was used to extract Rheocrete from ponder of mortar n i th  lilio\\ n additions of- 
Rheocrete. the magnitude of the absorption peak recorded \\-as 2 to 4 times greater than that 
cosresponding to the actual addition. I 'he cause for this anomalous extraction result is being 
investigated. Variations of'the extraction procedure (for example. using methanol) to ac1iier.e 
qiiantitati\,e nnalysis are being tested. but show no impro\mnent to date o \ w  the acetonitrile 
procedure. 

1.2 Determine the Long-Term Stability of Corrosion Inhibitors in Concrete 

1.2.1 Calciunl Nitrite-based Inhibitor (DCI-S) 

1.2.1 . 1  1,aboratory investigation of nitrite transport in concrete 

Fi\.e different concrete mix proportions were used (see Table 3 for nomenclature and details). Four of 
tliose mixes Jvere limited to available specimens niade for the long-term test program described 
under Objective 4. The 4 . 5  or -1 .O at the end of the designation of those mixes indicates that the 
inhibitor dosage was either one half or the full amount. respecti\.el\.. ot'the 22 l . h 3  specified by 
FDOT for aggressive marine service applications. The PI designation indicated 20% Type F fly ash 
cement replacement. All mixes used Type 11 cement. One of the mixes (('2 designation) was 
prepared with a significantly higher ws/c ratio than those of the rest. 'Iliese concretes were cast in 
c!.linders that \vere demolded one daj. after casting and then immersed in l,ime\vater for curing for 
about 100 days. After curing. the cylinders were stored at -22" C in a plastic enclosure at moderate to 
high Iiiinlidit!. for at least one \.ear before performing the leaching tests. : Is  some inhibitor leaching 
fro111 those c!.linders took place in the initial tank curing. an additional batch of' cylinders n.ith 
proportions approximating those of mix IICII-('1-1.0 \vas prepared but placed directl~.  in a -- 100% 
Rf I and ---22°C chamber after one day in the mold. Nitrite loss from leaching during curing was thus 
expected to be negligible. Specimens from this batch. named NR (Nitrite Rcco\.ery). were sub,ject to 
Icach tests after controlled times ranging from 50 to 270 da1.s of curing in the air chamber. 

The test specimens were whole. as-cast cylinders. or slices cut from the cylinders. wit11 the 
dinlensions indicated in Table 4. which also shou.s the test solutions and temperatures at which the 
tcsts \yere conducted. 'The test niethodolog!~ generally folloued the specitications of American 

( I < )  
\;itional Standards 1iistiti1te:'Americaii Nuclear Society (ANS1;ANS)- I 6.1 - 1086. I'he specimen 
\\.:is placed. supported bj. a plastic stand. inside a lidded plastic container (Figure 2 )  with enough 
solution to maintain a uniform thickness around the specimen and a ratio of liquid solution \,olume to 
specimen surface area of at least 10 cm. Some exploratory \x ia t ions  in procedure (e.g., changes in 
solution rene\val interval) kvere used for specimens of concrete mix DCI-C'l -0.5 that Lvere tested 
earl!. in the program. 



Table 3. Mix Design and Concrete Properties Used in the Leacliing Experiments 

The test \elutions mere de-ionized \+ater (DW), L~nienater  (DM s a t ~ ~ r ~ l t e d  b~ 2 g/I, addit~on of 
c,ilc~um hqdro\idc). or s~ i i t l i e t~c  seanates (DW \11t1i 11 95 g L of s ~ n t h c t ~ c  "wa-salt" per 4STM D- 
l 14 1-52 ) Ixaching test temper,~tures \\ere either ambient (-22 C')  or 3 5  to 37 C , ~ c h ~ e \  ed b~ 
p l m m e n t  of the leaching containers in a te~iiperature-controlled cliambcr. 1 I I C  solution \ \as  sampled 

Concrete Type 

and complctel\ replaced by fresh solut~on at regular inter\ als during curnul,ltl\e leachmg times 

t Ad.justed for water in inhibitor and moisture content of' aggregates 

- - 
31, . - 
- 
/ 

. - - 
L 

Table 4 .  Specimen Specifications and Testing Conditions Ilseil i n  the 'INSPANS E~periments  

DCI-CI-0.5 

390 (6571 

l 00 (270)  

7 0 0 ( l 1 7 9 )  

9 8 0 ( l 6 6 6 )  

0 

14 (23 .7 )  
1 1  ( 1 .22)  

0.4 l 

0 . 4  I 

2237 (13'1.8) 

10. l s20.3 
(4x8)  

100 

Limewater 

Cement. kg!m3 ( ~ b ' y d ' )  

Water. kg. tn' ( lb 'S,di) 

Fine aggregate. 
1,s m' ( lb ;>d ' )  

('oarse aggregate. 
Ikg m' (1b:gd') 

(-'lass F fib, ash. 
l ig ,~l l '  ( l b ~ ~ d ' )  

DCI-S. l q ; m 7  ( IWyd') 
L m'  ( g a l y d i )  

V'aterlbinder ratio 

DCI-CI-I .0 

390 (657) 

160 (270)  

9 ( 9 )  

X O ( l 6 0 l )  

0 

78 (47 .5 )  
22 (4 .44)  

0 . 4  I 

0 .43 

2235 (139.7)  

7 . 6 s  15.2 
(3x6)  

I60 

Limewater 

DCI-('3-1.0 

390 (657)  

I05 (.;19) 

OOO(1012) 

8 l l  

i 1 

28 ( 4 7 . 5 )  
22 ( 4 . 4 4 )  

0.50 

0.40 

7 i I 

l 5 .2s70 .5  
(0x121 
0 0 

L,itneuater 

Actit:~l \\ater/binder r a t io t  

I n i t  \$eight, k g m 7 ( l b  ft ' )  

( '>tinder dimensions* 
c1-11 ( in )  

( 'uring time, dais 
( ' i~r ing medium 

':: ( ' ~ ~ l i n d e r  diameter s height 

- 
u 

-2 . - - 
I, - 

IU 
U . - 

r / ;  

DCI-PI-I .0 

310 ( 5 2 5 )  

I60 ( 2 7 0 )  

074(11 :51  

O l l  

7s 11.313)  

?S ( 4 7 . 5 )  
22 ( 4 . 4 4 )  

0.4 1 

0 .40 

2210 1138.51 

7 . 6 ~  15.2 
( .? Y 0 1 

I SO 

l . i~i ieuater  

UR 

382 (643)  

139 ( 2 3 5 )  

6 7 9 ( 1 1 4 5 )  

0 6 7 ( 1 6 7 9 )  

0 

27.7 (46.6)  
22 ( 4 . 4 4 )  

0.40 

0.40 

2195 (137 .8 )  

7 . 0 ~  15.2 
( 3 ~ 0 )  

5 0 .  100. 270 

1 OOOnRH 

:'::: Specimen surface area to \olumc ratio 

8 

Concrete 
Type 

IIC'I-PI - I .O 

NR 

DC I-C 1 - 1 .O 

DCI-PI-I .O 

NR 

DCI-C2-1.0 

DCI-CI-0.5 

Diameter s height 

Specimen 
Dimensions':' 

cm (in) 
7.61 15.7 

(3x6) 

7 . 6 ~  15.2 
(-3x6) 

7.6s15.2 
(3x6) 

7.6s2.5 
(3x1) 

7.hs2.5 
( 3 s  I )  

15.7k3.6 
( 6 s  1.8) 
10.2x7.5 

(4x1 ) 

Solution 
Volume 
(~n L) 

4558 

3558 

4558 

1500 

1500 

5834 

357. 
1000 

!v:::4: . , 
( I i cm)  

0.66 

0.66 

0.06 

1.31 

1.3 1 

0.70 

1.18 

Solution 
'I.! pc 

I,inlc\\ates. 
II\4' 

I.i~nc\\ atcr. 
I )M'. 

S! ntlietic Sen\\ ates 

Lime\\ nter 

S!.nthetic Sea\\ atcr. 
DM' 

I_i~neu ater. 
[I Li'. 

Slmthetic Sea\+ nter 

I.ime\\ atcs 

l,i~iic\\ atcr 

Temperature 
("C) 

3 7 -- 

22 

7 7 - - 

7 7 - - 

72.35 

17 - - 

2 1 . 3 7  



Slice 
u 

Cylinder 
-- - - - - 

Figure 2. Placement of concrete samples in leaching containers 

ranging from 2 to 2160 hours (a total of 90 days). Leaching tests on a feh selected specimens were 
extended for another 90 daqs. The sampled solution was tested for nitrite uith the spectrophotometric 
method described in Section 1 . 1 . 1 . 1 .  The apparent diffusivity (D'rpp) of nitrite in water-saturated 
concrete was calculated from the recorded nitrite concentrations in the leaching solution as function 
of time. as described below. 

Diffusivity estimates 

The apparent nitrite diffusion coefficient Dclpp in concrete is defined here as 

v, here 
.l = the flux of nitrite ions (mass per cm2 of concrete per second) along the direction x 
C = the concentration of nitrite in concrete (mass of nitrite per cm' of concrete) 

Internal bulk diffusion of nitrite in concrete is likely to be the rate-determining mechanism during 
much of'the leaching process. Since in the leaching experiments the nitrite concentration in the 
solution \+as always kept at a very lo\+ level by renewing the solution frequentlq: a one-dimensional 
model can approximate the leaching behalior during the early stages of leaching. 

From the measured nitrite amount all in the solution at the end of the n,,, liquid renewal interval, a 
Cumulative Fraction Leached (CFL) can be defined as CFL = C a,, /.4(, . ~vhere ,4<, is the total amount 
ol'nitrite inside the specimen at the beginning of the leaching experiment. If CFL is plotted against 



the square root of the leaching time. a linear correlation n it11 a slope I\ can he expected during the 
eilrl! stages of leaching (when CFL < - 0 2 f i i  so that: 

\\ here 
1' = Volume of specimen. cni' 
S = geometric surface area of specimen. cm' 

I n  thc folloiiing, the D,,,,ll I aluc so obtained wi l l  be called Dl \rIien it is n e d e d  to differentiate it 
fiom tlie one obtained nltli  the follon%ig equation. 

( I ( ) )  
M'licn C'I;I* exceeds -0.2 significant deviation from one-dimensional belia\,ior takes place. Under 
those circumstances tlie apparent diffi~sion coefficient can be obtained instend by 

\\ hcre 
t = cumulative leaching time since tlie beginning of tlie first leaching inter\.al 
d - the diameter of the cq linder. cm 
( i  = a dimensionless time factor for the cylinder. nliicli is dependent upon C'FL and the 
specimen height-to-diameter (l/d) ratio.'"' 

Tlie D,,,),  calculated using Eq.(3) nil1 be designated as D2 if it is necessar! to tiilferentiate it from D l .  
If'tliere n a s  more tlian one datum \\it11 C'FL>0.2, then D2 u a s  reported as tlie a\ erage for those 
points. 

Sample calculations of Dl  and D2 are presented in Appendix 2. 

C'I:I, \vas calculated for every experinient assuming that the nitrite content oi'eacli specinleii type was 
the same as the nonlinal admixed amount per Table 3 .  Direct measurements \\.it11 specimens of DCI- 
C' 1 - 1 .O. DC'I-C2-1 .O. and DCI-P 1-1.0 using the procedure described in Section 1 . 1 . 1 . 1  confirmed that 
the actual nitrite content near the center of tlie cylinder \+.as close to the nominal nitrite content. 
'I'!.pical behavior during tlie leaching tests is exenlplified in Figilre -3. \vIiicli slio~vs the C'FL evolution 
as a f~unction o f t '  ' for a specimen of' DCI-C 1 - 1 .O concrete (fill1 c! linder. 7.6 cm b!. 15.2 cm)  and two 
specimens of DCI-C2-I .0 concrete (4.6-cm thick slices with fieslily cut faces. sliced from a 15.2-cm 
diameter cylinder) in Limewater at 22°C. Except for an initial transient region. an approximately 
linear correlation between CFL and t '  ' is evident for each specimen. conforming to the expectation 
of diffusional leaching control. Tlie CFL-t' ' slopes were sniallcr at earlier times. especially for the 
cylinder specimen of DCI-C 1-1 .O. This phenomenon may be attributed to earlier loss of tlie nitrite to 
Limewater during curing. which would cause the nitrite concentration near the concrete surface to be 
lo\ver tlian that of the bulk concrete. Since Eq (2) Lvas derived bj. assuming that tlie diff11sii.e species 
are uniformly distributed before the leacliing experiment is started. a lo\ver surface concentration 
should \.ield a slower leaching rate at tlie begiiining of the test. C'ompared \vitli tlie cj.linder of DCI- 
C' 1 - 1 .O. the slices of DCI-C2-1.0 had 100 days shorter curing time in I>irne\\.ater and tivo freshly cut 



Figure 3 C'I'L a \  n function of the square root of Iec~c1i~ny time ( t '  ' )  

for concrete 4peclmens of DCI-C' 1-1 0 and IX I-( 2- 1 0 In I Ilnenater 

surfaces. 'I'liese two freshly cut surfaces should 11aL.e had a higher nitrite concentration than that of 
the previously exposed surface. and accounted for more than 70 percent of'tlic total slice surface area. 
I lcnce tlie linearity of the cur\.es for the slices of DCI-('2-1 .O s110~1ld cstend. as obser\.ed. to a much 
carlier leaching time. 

>. 
I- Igure 4 illustrates the results ot'a series of'esperiments \?..it11 the samc concrete (DCI-PI - 1  .O) in 

arious leaching media at 22" C'. \vliile Figure 5 sho\vs the belia\ ior for the N R  concrete specimens in 
\ arious leaching media and at the tivo test temperatures. In the latter case. straight line belia\,ior 
extending to \ w y  short times ~nanifested tlie absence of'signiiicant leaching diuing curing. 

:Zs illustrated in Figures 3 through 5.  there was generall!, good reproducibility in the CFL. \ d u e s  
li-om duplicate tests with specimens of tlie same h p e .  7Bbles 5 through 8 she\\. tlie slopes and 
d ihs iv i t i e s  calculated from the data from all the experiments. detailing the indi\.idual test condition 
ol'cacli specimen. 'The results showed agreement t!~picall!~ better tlim \vitliin 20% between tlie 
\ nlues of Dl and D2 for an!, given experiment. and bet\f.een the results of duplicate experiments. 
IIo\\.ever. differences between D l  and D2 \.slues \\.ere relati\,el!. large in some cases (notabl!. for 
~ c ' h t s  in syithetic seawater. specinlens 6 and 7 in Table 7 ) .  'I'he Dl  \ . a l ~ u  \\ere consistentl!. derived 
liom a larger number of data than fix 112. fix \vhich sonietimcs onl!. 1 or 2 data existed and relati\.ely 
Ixge shape corrections Lvere needed. ('onsequentl>, tlie D2 \ d u e s  \vcsc regxded onl> as 
s~ppleniental  evidence and all quantitative comparisons in the discussion \ \ w e  made based on D l  

d u e s  01114.. 'rests with specimens ofI)C'I-1'1-1.0 under the same conditions hut using specimens of 
clil'f'erent shape (i.e.. cylinder \,s. slice. Table 7. specimens 3 and 4). jielded similar diffilsi\.ity d u e s .  
'I'lie results appeared to be o n l ~ .  slightl!l affected b!. ~vhetlier a cut or a cast concrete surface rvas in 
contact \\,it11 the leaching solution. 



# I ,  Cyl-Lime . #2. Cyl-Lime 
% 

A #3,  CyI-DW 

x #4, ske -DW 1 
x #5, slice-DW 

+ #6, slice-sea 

L 
Figure 4. CFL as a function of the square root of' I c ~ c l i ~ n g  time 
(tl 2 ,  for specinlens of DCI-PI-1 .O in Limeuater. 111'. and sin- 
thetic seauater (sea) at room temperature. 

Measurements of the total amount of remaining nitrite in the concrete ipeclmcns n e r e  performed in 
selected specimens using the technique for analqsis of nitrite in hardened colicsete described in 
Section 1 . 1 . 1 . 1 .  The results were in approximate agreement u it11 the amounts leached in the 

Figure 5. CFL as a fimction of the square root of leaching time 
(tl ') for NR concrete specimens in Limewater. DU'. and s j  nthetic 
seauater (sea) at RT and at -35' C (HT). 



. ( I ( ) ) _  
inimersion esperin~ents.  C'oncentration profiles oi'selectecl test specimens \ \ere also obtained. The 
px~i i les  sho\\.ed. as expected. signiticant nitrite depletion near the surti~cc uid liigher concentrations 
insiile tile spcci~iien. I Io\\e\.cr. the shape ol'tlic concentration profiles \ \ c I ~  nor i n  detailed agreement 
\\ it11 that cspected fiom the siniplit).ing assuniptic~ns uscet to calculate I )  , ,  I'roni concentration of 
~iitrite i l l  the leaching \\atel.. I t  \ \as  spcculatecl t l i ~ t l  the ciiscrepmc! \ \ a i  c ; ~ ~ ~ ~ c c l  17) cle\,i;ttion isom 
oillc~.\i.ise nearl!. linear hinciing ol'11itrite in concrete (scc Sectioll 7.7 1 .  

7 I 1 w I .  14 s I 0 .0 Y lo-'J 0.1 1 I ( fJ  

0 Synthetic Sea\+ ntc'r 1 . 15 s 1 0 .  I Y 10-'i 2.8  \ I (ri' 
7 Srmthetic Scan ater 1.76 x 10-' 7.7 Y I o-iJ 4.7 51 0.') 

- -- 

'': Specimens 1 to 3 \WIY e! lindcrs 7 .6s l5 .2  cm: spcimenh 4 to 7 \ \L'I .c iliccs 7.057.' cni. 



Table 8. Slopes and Apparent Diffusion Coefficients Obtained for Specimens of NR Concrete 

;': Speci~iiens 1 to 3 Lvese cylinders 7.6sl5.2 cm; specimens 3 to I 1 \\,ere slices 7.6s2.5 cm. 

Speci~nen:;' 

I 

1 

2 

3 

> 

(7 

7 

8 

0 

10 

1 I 

preliminary information on how diffusivity is affected by Iiey material and exposure rwiables. and 
may serve as a guide to detailed future investigations. The trends esamined are detailed below. 

The experiments yielded nitrite ion values for DcII,ll in concrete ranging fi.0111 -6~10- 'I  cm2 sec-  to 
- Ox 1 0-%m2 sec-I (as indicated earlier. all discussion is based on calculations of Dl unless otherwise 
indicated). These values are on tl2e same order as those reported for chloride ions in concretes 

( 1  1 .  
colnparable to those tested here. rhis behavior was to be expected as both C'1- and NO; are anions 
\\ it11 the same \.alence. have comparable diffusivities in uater. and experience substantial binding in 
the concrete matrix (see Section 2.2). I t  must be emphasized that the I),,,> \ d u e s  calculated from the 
leaching experiments (and from an). other method based on measurement of'total species 
concentration) reflect the assumption of simple diffusional beha\.ior. 12s indicated b!. the results from 
concentration profile measurements. this assumption is only a \vorliing simplification. Detailed 
descriptions of transport processes. including among others the effect of binding. would be required 
fi7r more accurate evaluation of the distribution of the species in concrete and escape to the external 
environment. 

Curing Time 
(Daj.s) 

5 0 

5 0 

.5 0 

100 

1 00 

100 

100 

270 

270 

270 

270 

An indication of the influence of nitrite dosage on diffusivity may be obtained by comparing the 
results from tests in Limewater at 22 "C of specimens of L)C'I-C 1-0.5 (11alf dosage). \vith those of the 

Leaching Solution 

l,i~ne\vater 
(22" C)  
D LZ! 

(22" C') 
S!,ntlietic Se,i , u'ater 

(22" C )  
Synthetic Seawater 

(22" C )  
Synthetic Seawater 

(22" c') 
S!.nthetic Seawater 

(35" C )  
Synthetic Seawater 

(35" C)  
Limewater 

(22" C )  
Limewater 

(22" C )  
DW 

(72" C )  
DW 

(22" C )  

Slope I< 
(s- '  ') 

1 . 3 7 ~ 1 0 ~ ~  

o o  

I .  I 0 

2.38 s 10-" 

2 I l o -  

7.07 xi 

4 ?.-?I xl0 '  

2.00 ~1 0." 

2.03xlO-" 

1.78 slO-" 

1 .07 s lo-' 

1) 1 

( ~ 1 1 i ~ ~ ' s e c )  

3 . 0 ~ 1 0 - ~  

X W ~  

0 ,  I 1 0 

2.0 s 

I O X  

3.0 s 10-8 

3 1 0  

I . X  I o - ~  

l 0 l s  

1.5 

I .3 1 1 O-K 

D? 
(cm'lsec) 

3.5 x10-" 

3 .o s lo-" 

4.6 s 10.' 

l O - h 3 . ! ,  s 1 0.' 

2.5 s10-~ 

3.7 X I  0.' 

2.8 

2 . 0  s I o - ~  

?.OsiO-' 

1.7 ~ 1 0 ~ "  

1.6 s l ~ - ~  



combined group of the single available specimen of DCI-C 1 - 1 .O and the specimens of the NK mix 
that had the longest curing period. That combined group had full inhibitor dosage. but approximately 
the same mix proportions as DC'I-C 1-0.5 and an extended curing histor!. as \\ell.  T'he a\'erage I),l,,,> 

f i ) ~  the half- and fdl-dosage groups were -1.6 and -1.7 ( 1  0-kcln'sec- ) respcctivel>,. so no significant 
dosage effect on DJIIIl was detected in this limited comparison. 

I he I X 1 - P  1 - 1 0 and thc NR concrete Mere tested In different leaching m e d u  under other\\ ~ s e  
i m p a r a b l e  conditions. r'he results tor DC'I-PI-1.0 tested at 12 Y' i7ablc 7 )  s h o ~  alerage Dll,,, of 
(3 0. (3 0. m d  6 7 (1 0-" c ~ n '  5ec ' )  for tests In Limewater, DM. and s! nthctic 5emater respect[\ el! 
1 c \ t i  at 22 C' for NR concrete cured 270 days ( L b l e  8 )  i n d ~ c d e d  ~ i \  e l q e  1) , ] ,  of 1 .O anti 1 4 ( 1 0-X 
cm x c  I )  for leaching in Limeuater and DW respectikelq For the m n e  concrete cured 50 d a ~ s  the 
results (on11 available for single specimens) mere -3.9. 3 5. and 6.1 ( 10 ' cm scc ) for L~me\\nter. 
DW. and synthetic seauater respect~bely. 

71'he pH of DW in contact with concrete reaches typically the range -9 to --I 0 after a few d a \ x  while 
that of the Limewater stays at -1 2.6. The small difftrence between tlie results of DU' and Limewater 
tests suggests that those variations in leacliant pH affected little the nitrite transport inside the 
concrete. The few available con1paratia.e data suggest that leaching in synthetic seawater resulted also 
i n  similar (hut not always close) D~,,,,, to those obtained ~v i th  the other two leachants. 'The s>ntlietic 
sc;~\f'.ater tests with DCI-PI-1 .O showed anomalous beha~rior at large C'I:I. \ alues, \vhicIi resulted in 
significant difference between I11 and 112. Since chloride ions tends to at'fect the partition between 
i'scc and bound nitrite (see Section 2.2) in concrete. these obseri.ations may be a manifestation of the 
pc~ietration during the test of chloride ions froni the leachant into the concrete. In summar\.. the 
pwsent rcsults showed some. but not necessarily dramatic. dependence of T>, , l , I ,  on the leaching 
medium. However. the results from synthetic seauater tests underscore the need fbr filrther 
in\*estigation. 

The results of 22°C tests in Limewater of DCI-C1-1 . O  and DCI-C1-0.5 (average w/c = 0.42). lvhich 
may be considered together if the dosage effect is not important. !ielded an a\erage I>,I,,,-- I .hs lo-': 
c~ii'sec-I. Mixture DCI-C2-I .O  u.as comparable to the other t ~ v o  except that it had wit = 0.30.  and 
the average L),l,ll under the same conditions was 2 .4s  10.' cm' sec-I. or about half as much more than 
that of the lower w/c mixes. 

'l'he average I),,,,l, of DCI-PI -I .O specimens (w/c=0.40. 20% fly ash addition 1 tested under the same 
conditions as the DCI-C' 1 - 1 . O  and DCI-C: 1-0.5 specimens was 6 . 4 ~  10-" cm? sec-I. less than half that of 
the other concretes. which had only modestly higher wlc but no fl!. ash. 

'l'lic 22" C' tests with the NR concrete ('I'able 8 )  also indicate a consistent seduction of I),,, ,, lvit1-1 curing 
time. Assuming that diffusivit!. is not a strong function of leaching medium. the a\.erage of the 
results fi)r each of the curing times suggest that D,,l,ll was reduced b >  about one half 171. curing tLom 50 
d a y  to 1170 days. 

The overall results indicate that curing time. wlc ratio and pozzolanic presence influence tlie Dr,,,p of 
nitrite in a manner consistent nit11 the expected effect of those ~ar iab les  on transport of ionic species 
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in concrete. Similar dependence on those parameters has been \yell documented for the case of 
( 1 ' )  

cli I'f~lsion of' chloride ions in concrete. 

('omparative tests in which temperature was clianged from 22" C' to 35" C '  in s\nthetic sealvater 
('Iahle 8)  increased the average 1)~,1,1, in the NR concrete by about I . ? .  i\ roughl!. coii~parablc increase 
\\,as indicated by the single available test with DCI-C'l-0.5 in Lirnc\\.ater. I'he change \ ~ i t h  
temperature is consistent with that expected from t l~ern~al ly  acti\.ated diffi~sion. ilssuniing simple 
Arrhenius dependence. results suggest an actil~ation energy on the order 01' - 10 lical!mol. \vhich is 

1 1  8 )  
comparable with values reported b ~ ,  Goiii et al for leaching of calcium from concrete in DM;. 

Suimnar~.  of conclusions from nitrite diff~ision experiments. 

I'he apparent nitrite diffusion coefficient. D,,l,,l. at 22" C' in uell-ci~retl concrete with -390 1ig/m3 
01'ordinary Portland cement concrete and wlc-0.41 \+.as on tlie order of'2s 1 WS cm2isec. as 

- 
determined from leaching experiments. I he results s h o ~ . e d  no strong sensitivity to tlie leaching 
mediiun used, but the effect of' seawater needs further imwtigation. 

An increase in the M/C ratio to 0.49. or an illcrease in temperature h! - 14 ' C'. increased 1) by 
 bout one half. whereas 20% Iqpe F fly ash addition to the cement reduccd the apparent 
c11 f'f'i~si\itl b~ about one half. 

Extended curing of the concrete signiticantly reduced tlie I ) , , l , , ,  of nitrite. 

1-he magnitude of the D,,ll, \-alues obse r~ed .  and the depentlencc on test yarameters. 1z.x similar to 
the \ d u e s  and trends obser\.ed for transport of  chloride ions in  concrete under comparable 
circi~lnstances. 

I .2 .  I .2 Inhibitor presence in existing long-term specimens 

Sc! cnteen-!wx-old reinforced concrete slab specimens prepared fix an l:11\4'A in~estigation of 
calciuni nitrite corrosion inhibitor performance \?.ere esamined for nitrite content and distribution. 
I>ctailed r e s ~ ~ l t s  from this analysis are presented in FF-IW.4 I'ublicatioii ho .  Is'HU'A-KD-00- 1.15."' 
1 hi. ii)llo\ving is a summary oi'tliose findings. 

.The slabs Lvere - 15 cm thick and exposed horizontally to natural iveathering for nlost of the 17 years. 
c\-ccpt for an initial period of 3 months when periodic salt&-ater ponding \ms  applied to the top 
siist'ace ot'the slab. ?'he concrete had \v!c=0.53 and a cement factor of'400 Iig/ni'. \\.it11 no pozzolanic 
additions. 'l'he initially admixed nitrite content was -7.5 kp'm' and uniforml!. distributed tlirougli the 
slab thickness. The upper -8 cm of the slabs contained ~ x r i o i ~ s  amounts ot'admixed chloride. 
Ikpending on tlie extent of chloride contamination. some slabs experienced little reinforcement 
corrosion \s.l~ile others suffered estensi\~e corrosion \vith consequent deterioration of the concrete in 
the upper portion oftlie slab. 



Sitrite content determinations of the concrete were niade as a function of' distance from the top 
~ust ' ice of' selected slabs. so as to obtain a nitrite concentr:ation protile. Jnteyxtion o f the  profile 
!,iclcted the a iwnge nitrite content of the slab. \i-l~icli \\.as then compared i t h  the initiall!. adniised 
alnount. 111 slabs where deterioration \?as minor. t>.pically 75 percent of tlic initiall!. admised nitrite 
\\:is still present in tlie slab after 17 !.ears. I-io\z.evcr. the concentration profile indicated tliat the 
nilrite had redistributed n:ithin tlie slab so that tlie content at the bottom \\:I..; sometimes c \  en greater 
tlian the initiall! admixed content. (.'oncurrent chloride anaI!.seh indicated that a signiticant amount 
ol'chloride had mo\.ed o \ w  the same time interval fi-om the upper postion 01't11e slabs into the lo\ver. 
inirially chloride-free region. ~l'llest. tindings suggest the possibilit! of'a C O L I P I L " ~  ionic transport 
process betuxen nitrite and chloride species. 1-or slabs tliat had experienced se\.ere deterioration of 
the top l i f t .  the nitrite and chloside contents there \\.ere both much lo\ter than initiall!.. I l i s  reduction 
\ \ ; I S  attributed to rainfall leaching accelerated b!. the large surtilcc area created b!, crumbling. 

1:xpansion of ' t l~e Courtney C';unpbell ('auseway (Tampa Ba!.) in 1 W 3  used precast piles \i it11 a 
cement factor of 341 l<g./ni'. \\.,c = 0.3s. cement replacement o f 2 0  perccnt 11). ash plus X percent 
microsilica ( M S  j. and IX'I-S adniixture o f 2 2  l , .m . The piles had been exposed to the ha!. \\-ater 
sen ice  en\-ironment t'or 0 !-ears at the time of core sampling. ilnal! sis ol'chloside and nitrite content 
\\,;IS perfosined at selected piles at ele\ ations from 0 m to 1 m abol-r the hiyh tide line. The analyses 
r c \ u l e d  tliat nitrite content at a11 ele\,ations was about 8 5  percent oi'thc ad~n iscd  aniount at depths of 
7 5  1nn1 or more from the concrete surface. slightlj- higher at about I0 mm tiom tlie surfice. and 
slightly lo\ver in the tirst 6 mm t'roni the surface. C'ldoride concentratio~l rcx11cd a \.slue of '  1 '2  the 
h~~siilce content at a depth comparable to the maximum in tlie nitrite profile. 

1.2.3.1 Inhibitor transport in concrete 

()nl\ ,  \ . en  preliminary results are a\.ailable fhr this inhihitor since the reliabilit! of the anal! sis 
~~ic t l iods  for either hardened concrete or liquid solutions has not !-et heen confirmed. 1,eaching 
esperiments \\.ere conducted \\.ith mortar of'\+-;.'c=O.d. 800 kg m '  cement. m d  18 1ig.m' FeuoGard 
001 (tlic recotnmended Ferrociard 001 dosage for concrete is --0 kg m:. 17111 i t  \\.as doubled here to 
scflect the cement content per unit \.olume of the mortar used. \vliicli \+as about t\i.ice that ot'a typical 
concrete). The initial results indicated an apparent diffusi\.it!. of the  detectable species on the order 
ol'5slO-" cni-"sec. which is as in tlic case c-rf'nitrite comparable \i-it11 the apparent diffusi\.ities 
cspected for chloride ions in the same cementitious niedium. 

ho sources ha\ c been ~dentlfied for analysis of'tliis t!pe of'inhib~tor In c\l\tlng long-term specimens. 

1 2 .  Organic Corrosion Inhibitor R (Rheocrete 2221) 

I3ecause of tlie difficulties experienced in quantitativel! anal~.zing for this inhibitor. no esperiments 
11a\ e been conducted in the first part of this project to determine transport characteristics in the 
laborator! or in field specimens sho~dd  any become a\.ailable. 



OBJECTIVE 2 - ESTIMATE LONG-TERM EFFECTIVENESS - MECHANISTIC ISSUES 

2.1 Examine Inhibitor Degradation Mechanisms 

2.1 . 1  Calcium Nitrite-based Inhibitor (DCI-S) 

2.1 .1.1 Inhibitor decomposition in concrete 

The available literature on nitrite stability was examined and simplified calculations of rates of 
decomposition were conducted. The alkali and alkaline earth nitrites in the solid state are \.cry stable 
but can be thermally decomposed. Calcium nitrite decomposes abo\rc 250° ('. well abo\.e the 
temperature for normal concrete service."") In the aqueous phases. nitrite protonates to nitrous acid 
according to 

NO; + H4 e HNO, (aq) t, HNO, (g) (4 )  

h'ltrous acid is a weak acid and at 25°C has an equilibrium constant k = IYO; ][H 1 ' [HNO,] = 

5.1 x lo-' M.'"') The effective Henry's law coefficient for nitrous acid at p H  I ?  (t! pica1 of cokrete  
pore solution) is [HN0,]/Pl,,,2 = 2 . 5 ~  10" M/atm'"". strongly fjvoring the aqueous phase 01 er the 
gas phase. and nitrite (NO;) as the predominant aqueous species. 

Ailueous nitrous acid is not stable and can decompose to nitrate and nitrogen oxide as shown by: 

At 25" C, this reaction has a thermodynamic equilibrium constant of 2C).4 atn1"\12 ""'. T1ic 
decomposition rate of nitrous acid can be estimated from 

-d[HNO,] / dt = I<, . [HNO,]' /P2,, - I<, . [HNO,] . [H*] .[NO,] (6) 

where I<, = 46 and 1<, = 1.6 at 25°C with concentrations in M. pressure in atm. and time in i n i t ~ . ' ~ ' )  
Equation 6 indicates that at pH 13, less than 10-"' M of nitrous acid can be Ihrmed for a nitrite dosage 
of 6 kg/mi. assuming a nitrite pore solution concentration of 0.2. M."" C'ommercial inhibitors may 
contain 5 percent nitrate"') and 5 ppb is a reasonable atmospheric concentration of nitrogen oxide.(20) 
As  n result. the net nitrite decomposition rate is expected to be about 10-" moles!L per minute and if 
so. can be neglected. 

The stability expected from those theoretical arguments was supported by the detection after 17 years 
of a sizable fraction of the admixed nitrite in the FHWA slabs (Section 1.2.1.2) \lit11 sound concrete. 
I Inder those exposure conditions the missing nitrite is best explained bq leaching losses. T e nitrite ? 
content deep into the concrete of the 6-pear-old Courtney Campbell p~les  (Section 1.2.1.2) Ivas 
smaller than but close to the reported admixed amount. Although the shortage could be ascribed to 
chemical instability of the nitrite. other simpler explanations (misreported admixture lek els. less 
cf'fic~ent extraction of nitrite by the testing procedure in the lower permeabilitj~ concrete used in the 
pies) may be equally or more plausible. Other reports in the literature shon Iiig11 recover! from other 
field structures. Overall the evidence al'ailable has not provided an> conclusi\re indication that nitrite 
spontaneously decon~poses in the concrete over the time frame in\ estigated. 
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7.1.2 Organic Corrosion Inhibitors I and R (Ferro(iard 00 1 .  Klicocrete 222 + ! 

Except for tlie initial results on aging of Ferro(iard 901 indicated in Section 1 . 1 .  tlie stabilit!. of these 
inhibitors has not yet been examined in detail. pending de\.elopment 01'1iic1rc quantitati\.e analytical 
~iietliods. 

2.2  Binding Effects 

2 . 2 .  i Ikfinitioiis and Techniques 

.In ex te i i s i \~  series of tests \\-as conducted to determine \\hich fraction of'tlie nitrite \\.as present in 
the pore \vatel- of the concrete. 'The anioimt of nitrite tliat could he extracted \i it11 tlie procedure 
indicated in Section 1 . 1 . 1 . 1  \ \ . i l l  be designated as the r~rtri ~~irr i rc  and espressed in units of mass per 
litlit mass. or unit volume. of'concrete. The nitrite present in the pore \tatcr \ \ i l l  be designated as,fr.ec 
tli~ritc. 'I'lie free nitrite can be expressed as well in units of'niass per unit mass. or unit \vlurne, of 
concrete. but it is usuallj. obtained b!. anal~.sis  first as mass per unit niass. or 111iit volu~iie. of'pore 
a t e .  1:ree nitrite anal!~sis procedures ha\,e been implemented onl!, fi)i. concrete equilibrated Lvitli 
l OO'% K l l  air ;md assunling that only the capillar! pores of'the concrete are tilled wit11 mater. so free 
nitrite is reported for that condition onl!.. In that condition tlie \,olurne ol '\\ater in tlie pores is equal 
to tlie concrete \.olurne multiplied bj. [lie concrete capillary porosit! E.  I'liereli~re the free nitrite 
content measured as mass per unit \.olume of'capil1;q nates can be conwrtecf. by multipljring bj. c. 
into free nitritc as mass per imit \.olume of concrete. When both the total nitrite and the fYee nitrite 
arc exprcsscd in tliat manner. the hoioitl uirvirc can be defined as the dif'lkrcncc betnee11 total and free 
nitrite. 

I \I ( I  techniques \\,ere implemented in this project to measure fire nitrite. ' I  Ilc first \\.as tlie \\.ell 
established I'orc Water Espression (I 'M'E)  method. suitable f'or cement paste. mortar. aiid to some 
cstent t\,r concrete  lier re sample !.ields  nay not he sufficient for anal!.sis. I'lie second ~netliod was 
lii-Situ 1,cacIiing (ISL). less limited \\lien sampling concrete. I'liese techniques are described in tlie 
f\,llo\ving sections. 

2 2 1 . 1  Pore n'ater Expression (PLI'E) 

I'\i 1- procedures were performed as descr~bed In Reference (6) .  uslng ,I cu\tom-made hydraulic press 
\ \  ~ t h  a 20 mm bore eupresslon plston and a nominal pressure of -650  21Pa +plied in gradual steps 
o \ e r  -5 minutes (Figure 6 )  Depend~ng on tlie qumtit! and the natel cement 1at1o of tlie sample. 
e , ~ h  te\t usudl> ! ~e lded  h o ~ i i  0 5 to 1 ml of pore io lut~on I'lie pore \+ 'lter \I a i  collected I\ 1t1i a 
\!I lnge m c l  then \\eiglied on an anal! t~cal  balance I lie pore solut~oni  \\ ele ~ m m e d ~ a t e l >  analyzed for 
pI I .  clilor~de. m d  nltrltc 

Tlic concrete and mortar samples for I'WE were prepared as follows. I'lie materials \\.ere manually 
mixed inside a plastic container and then cast into PVC' pipes ( 17 mm 1.1). and 150 mm long). with 
hotli ends sealed with rubber stoppers. The diameter ot'tlie mold \vas cliosen SO that the cast cylinder 
coi~ld fit into tlie pore expression bore without being further crushed. 'I'lie pipes were rolled 
periodicall!, during the first few hours after casting to minimize possible segregation. 'The specimens 
\\ere demoldcd after 24 hours and tlien transferred into airtight PVC' 1x)ttles. Yearly 100% K H  was 
maintained in tlie bottles b!. spra>.ing a small aniniunt of distilled w t e r  mist v,lien necessar!. 



I - piston 
2 - carbon steel c!,linder 
3 - concrete sample 
4 - bottom steel platform 

Figure 6. Schematic of PWE Arrangement 

To study the binding properties of DCI-S in concrete, concrete samples nith a \vJc ratio of 0.45 and 
various inhibitor additions were prepared according to the mix proportions shomn in Tables 9 and 10. 
To reveal possible differences in the nitrite binding beha\ ior betueen calcium nitrite and sodium 
nitrite, additional mortar specimens with wlc = 0.45 and sodium nitrite additions were prepared. The 
purpose of using mortar samples instead of concrete samples mas to achie1.e a higher yield of pore 
solution from each test. The nitrite contents in those specimens (eitl~er from DCI-S or 99.1 % pure 
crystalline NaNO,) are given in Table 10. To investigate the interaction bet13 een chloride ions and 
nitrite ions. mortar specimens (wlc = 0.35,0.45, and 0.55) containing 1.46 percent nitrite (from DCI- 
S) and various amounts of chloride (0.5 percent. 1 percent, 2 percent. and 4 percent from NaCl) were 
also prepared. The cement content in all the mortar specimens mas 700 kglm'. PWE \\as usually 
performed after two weeks of curing. when the pore water composition \\as found to be stabilized. 

2.2.1.2 In-situ Leaching Method (ISL) 

The ISL method was developed recently in this laboratory.'?) Cylindrical specimens ( 1  00 mmx200 
mm) with and without DCI-S were cast as part of large mix batches ( N . 2 6  111' ea.) per mix design in 
Table 11. The specimens were cast in plastic molds, demolded after 24 hours. and then cured in 
Limewater for 160 days. One cylinder from each mix was then cut trans\lersely in half with a 
diamond saw. Three holes -5 mm diameter and -30 mm deep were drilled perpendicular to each of 
the freshly cut surfaces with a masonry drill bit. The holes were equidistant to the center of the 
cylinder and -30 mm apart from each other. The holes were carefully cleaned after being drilled to 
remove all traces of dust. An acrylic washer was then attached to the rim of each hole with a fast- 
curing epoxy. Immediately after that, 0.4 mL of distilled water was iiljected into each hole with a 
syringe. and rubber stoppers were pushed into the acrylic washers. The solution inside the hole was 
thus completely separated from the outside environment. The prepared specimens (Figure 7) were 
then placed inside a closed -100% RH chamber so that the concrete remained saturated with water 
(the preparation procedure was performed quickly to minimize evaporation). A tray filled nit11 
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Figure 7. Schematic of ISL arrangement 

used to extract -10 pL of the solution from the holes at various times after the initiation of the 
experiment. The amount of extracted solution was determined to an accuracy of 0.1 mg while 
transferred into a 100 mL volumetric flask bottle placed on an analytical balance. The flask was then 
filled to 100 mL with distilled water. Further dilution was made when necessary. The nitrite content 
in the diluted sample was then analyzed spectrophotometrically as described in Section 1.1.1. The 
results from multiple holes in a sample were averaged. 

2.2.2 Nitrite Binding in the Absence of Chloride Ions 

For chloride-free specimens in which nitrite was introduced as calcium nitrite. the free nitrite in the 
pore water was found to be present in a concentration approximately proportional to the total nitrite 
content of the concrete (Tables 9 and lo), as exemplified in Figure 8. All tests were performed at 
2 1f 2" C. The proportionality was such that for a total nitrite content of 5.8 kg per m' of concrete (a 
typical specified admixed dosage) the free nitrite had a pore water concentration of about 0.2 M. If 
the concrete capillary porosity had a typical value of E = 0.1, then 0.2 M pore water nitrite would 
correspond to about 116 of the total nitrite (see Appendix 3). This behixior was typical of all the 
chloride-free specimens investigated. The results indicate that much of the admixed nitrite is bound 
in some manner in the concrete matrix. Figure 9 shows the same results for calcium nitrite but 
expressed in the form of a binding isotherm where bound nitrite is given as a function of free nitrite, 
assuming E = 0.1. The near linear nature of the binding in the concentration range examined can be 
appreciated; the results can be approximated by a straight line with slope -7. The binding process 
itself has not been identified, but it appears to be nearly completely reversible since the water 
extraction technique detailed in Section 1.1.1.1 is able to approach 100 percent extraction by simple 
leaching in a large enough amount of water. 

Figure 9 compares the binding isotherms obtained when admixing calcium or sodium nitrite 
(assuming E = 0.1 in both cases). When nitrite was introduced as sodium nitrite. binding was still 
present but to a lower extent t l~an in the case of calcium nitrite. At the higher dosage levels the nitrite 
introduced as sodium nitrite was present in the free and bound forms in roughly the same amounts, 
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Total admixed nitrite (% by weight of cement) 

Figure 8. Relationship between total admixed nitrite content in concrete (wlc = 0.45, 
cement content = 500 kglin3) and pore solution free nitrite concentration as determined 
with PWE method. Results from duplicate specimens (for total nitrite 1 %  = 5 kg/m3, 
for free nitrite 4,600 ppin = 0.1 M).  

while the bound form was predominant in the case of calcium nitrite. The relationship between the 
bound and free contents was noticeably less linear for sodium nitrite than that for calcium nitrite. 

Tests with the ISL method were used extensively to investigate effect of nitrite on pore water pH 
(Section 3. I ) ,  and provided independent confirmation of selected PWE results described above. 

0 5 10 15 2 0 

Free Nitrite (kglm3) 

Figure 9. Nitrite binding isotherm in mortar (wlc = 0.45, cement content = 

700 kg/m3) expressed in mass per unit volume of mortar assuming E = 0.1, as 
determined by the PWE method. 



2.2.3 Nitrite Binding in the Presence of Chloride Ions 

Introduction of chloride ions (admixed as sodium chloride) decreased the extent of nitrite binding in 
mortar admixed as calcium nitrite and released more nitrite into the pore ~s ater. as shoun in Figure 
10 for a series of PWE tests. With enough sodium chloride addition. the binding of nitrite admixed as 
either calcium or sodium nitrite was essentially the same as in the case of sodium nitrite nithout 
chlorides. Admixing sodium chloride did not significantly alter the extent of binding of nitrite 
admixed as sodium nitrite. The decrease in nitrite binding upon introduction of chlorides in concrete 
admixed with calcium chloride is a potentially beneficial effect. If the same nere to take place when 
chloride penetrates from the outside (for example in a marine environment). the reduction in binding 
would lead to an increase in the local free nitrite content coincident M it11 chloride arri\.al. 

2.2.4 Organic Corrosion Inhibitors F and R (FerroGard 901. Rheocrete 2 2 2 ~ )  

The possible concrete binding characteristics of these inhibitors have not l m n  yet examined. pending 
development of more reliable analytical methods. 

2.3 Other Inhibitor Mechanism Issues - Dosage Needs 

2.3.1 Calcium Nitrite-based Inhibitor (DCI-S) 

2.3.1.1 Pitting and repassivation tests 

Evidence that nitrite concentrations in excess of the chloride concentration suppress initiation of 
pitting in simulated concrete pore solutions is already well documented in the literature.(') Tests in 
this prqject were conducted to determine the effect of nitrite when chloride contents are significantly 
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Figure 10. Effect of chloride content on free nitrite in pore solution from mortar 
(cement content = 700 kg/m3) containing 1.46% bq weight of cement ( 1  0.23 
kg/m3 of mortar) total admixed nitrite from DCI-S ( 1 %  total chloride = 7 hglm', 
4600 ppm free nitrite in pore water = 0.1 M). 



in excess. I:lectroche~iiical tests of steel usere conducted in simulated c o ~ ~ c r e t e  pore solution 
( I I< 1--0.36 \,I - INa. 1-0.2 b1 i bala~ice OI I-):  pI1- 13.6: saturated \\.it11 ( ' a ( (  11 I ) , )  I\-ith additions of 0.8 
h i  or 1.5 h.1 NaC'I and \wious  amounts of nitrite (added as calci~uii or sodi~uii nitrite). The [NO;] 
\\;is h e t w e n  0 M and 0.20 M to represent levels comparable to those encountered in tlie pore \vater 
ani~l!,ses oi'concrete with admixed calcium nitrite (Section 2.2.3 1. Stccl specimens nit11 --60 cm' 
nominal surtice area n e r c  C L I ~  fro111 osdinary reinlbrcing steel bar and sandblasted bef'ore each test. 

I Ile c!.clic polarization teclinique \\-as e ~ ~ i p l o ~ ~ e d  to determine the pittiny and ~.epassi\.ation potential 
ol'steel in each specific solution. ;In modic scan rate ot'0.167 1111's as specilicd in the ASl'J1 
standard test pr;ictice (;-(>I \\.;IS used througliout tlie tests. .-Ill tests Liere pcrt'ornied at 2 152" C'. 
1,'xlier laboratory experiments indicated that a scan rate 01'0.167 m1' s ~ ~ s c i i  in the experiments \vas 
~.c;\sonabl!, a \w!  from :I domain ot'l;irge scan rate dependence of'the pitting potential.'"' 

I < C S L I ~ ~ S  ot'tlic tests with calcium nitrite (introduced as DC'I-S) are slio\in in l:igiires 1 1 and 12. For 
hotli 1e\ els of' chloride contamination there \vas a small. gradual increase in the a\.erage \.slue of the 
pitting potuitial. as ivell as tlie repassi\.ation potential. as (NO; ]  increased troll1 0 T\l to 0.26 M. 111e 
i~icrcase \\.as more ~iotahlc for tlie 0.8 M ('1-solution. f'or I\-liicli I:p \\ns about -0.3 V SC'E after 0.04 
h i  h0; addition. Since the open-circuit potential of passi\.e steel in concrctc tends to be on the order 
01'0.0 \: S('1.:. i t  is possible that e \ e n  this lorn. amount o f ' N 0 ;  could ha\ e a significant beneficial 
c t'l>ct in pre\uiting corrosion initiation (but not propagation. as 1 . i  \I as  bout 400 ni\' more negative 
than 1Jp in both cases). Obser\.ation ol'thc surface of tlie specimens aiicr completion of each test 
rc\,caled another possible beneficial cf'f'ect: n.ithout NO;  addition. the cosrosion on tlie suri'ace of tlie 
specimens in\,olved usuall>. few but large pitted spots. \\here corrosion propagated easil!.. In 
co~itrast. \\it11 NO; tlie pits tended to he numerous but genesall!. small and \\ it11 n o  elidence of fast 

I Nitrite concentration (pprn) 

Figure 11. Ett'ect of'nitrite content (from DCI-S) o n  pitting ( E p )  arid repassii.ation (131.)  
potentials of rcbar steel (sandblasted, 60 c~n:  nominal surface area) i n  si~nulated pore 
solution with 1 .5 M NaC'I addition as determined b!, cyl ic  polari/atio~i ~echnicli~e \\ it11 

:In anodic polarization scan rate = 0. 167 mV!s (for nitrite coucc~lt~.atii)n. 4600 ppm = 

0. I A4 ) .  
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Figure 12. Effect of nitrite content (from DCI-S) on pitting (Ep)  and repassi\,ation 
(Er) potentials of rebar steel (sandblasted, 60 cm') in simulated pore solution with 
0.8 M NaCl addition as determined by cyclic polarization technique mith an anodic 
polarization scan rate = 0.167 mV/s (for nitrite concentration. 4600 ppm = 0.1 M). 

Rcsults of tests with sodium nitrite are presented in Figure 13. For the same amount of nitrite 
addition. the pitting potential of sandblasted rebar steel in the NaN0,-containing solution \\as 
pcnerallj -300 mV higher than that obtained in the ~ a ( ~ ~ ~ ) , - c o n t a i ~ ; i i ~ ~  solution. The difference in 
pitting potentials may be explained by differences in the way in which calcium and sodium nitrite 
affect the solution pH. As shown in Figure 14, both species lower pH but calcium nitrite does so to a 
greater extent (discussed further in Section 3.1 ) and results in a less fa\rorable I OH-] to [Cl-] ratio 

4000 8000 

Nitrite concentration (ppm) 

(Er) potentials of rebar steel (sandblasted, 60 mi2) in simulated pore colution with 
0.8 M NaCl addition as determined by cyclic polarization technique \r it11 an anodic 
polarization scan rate = 0.167 mVIs (for nitrite concentration, 4600 ppni = 0.1 M ) .  



\4 1t11 consequently lower pitting pote~itlal. P a s s i ~  it) mas promoted nliene\ er either the NO, or the 
0 1  I ion concentration \has increased. suggesting that both ions ha\ e con~p~isable beneficial roles. 

'-I -.J 7 .2 Comparison of Effectiveness of the Three Inhibitor I‘! pes 

3.3.2.1 'Iests in calcium hydroxide solution 

Sandblasted rebar steel specinlens (nominal area - 60 cm-)  were immersed at the open-circuit 
potential ( I : ,  , I ) in saturated C7a(0k1), solutions containing corrosion inhibitors \\-ith the fi)llo\ving 

olumetric dosages: 2.6 percent DC'I-S. 2.5 percent Rheocrete 222-+. and 7.4 percent Ferrdiard 901. 
'I'lie 2.6 percent DCI-S addition corresponds to 7000 ppm (0.1 5 31) [NO;l in the solution. an arnount 
comparable to those expected in the pore solution ~vhen  t!pical d o s q e s  are used (see Section 2.2). 
S i~ ice  binding isothernis are not yet a\xilable for the other t\iu inhibitors. their concentrations were 
chosen by assuming provisionally that concrete had a capillary porosit! t: = 0.1. and that one half of' 
tlie total admixed inhibitor goes into the pore solution. I l ie  steel specimens were first allowed to 
passivate in each solution in tlie absence of any chloride addition. Afier tliat. the chloride 
concentration was raised by adding NaC'l in consccuti\,e steps (>\,el- a period oi'se\.eral ~nonths .  In the 
solution containing LIC'I-S. [('I.] \vas increased in steps to 0.5 TCZ. 1 . O  A1.  1 . 5  hl. and 3.0 hl .  In the 
solutions containing Rheocrete 222- or FerroCiard 901. [ C ' I - 1  was increased in steps to 0.1 M. 0.2 M. 
a n d  0.4 Yl (preliminary tests had indicated that corrosion mode transitions in the organic inhibitor 
solutions took place at relat i \dy low [(-'I-] levels). 'I'he open-circuit potential (E$,') of tlie steel 
specimens Lvas monitored throughout the process. Electrochemical Impedance Spectroscopl. (EIS) 
tests were conducted periodically in selected specimens to obtain an estiinate of the polarization 
resistance (Rp). using data in the frequency range -0.1 Hz to -0.001 Ilz. h o ~ n i n a l  corrosion current 
density ( i L , , , , )  values ~vere  obtained by using the Stearn-Gear!, equation. i , , ,  - I3Kp. n.it1i Rp = 0.026 

1 i O SPS + 1.5M NaCl+DCI-S 

I I SPS + O8M NaCI+NaNO, I 

Nitrite Concentration (ppm) 

Figure 14. Effect of nitrite addition (from DC'I-S or NaNO. )  on pH ot'iimulated concrete 
pore solution (tlie simulated pore solution without chloride and nitrite \ \as  - l3 .6 ) .  

2 7 



V.(25) At the end of the immersion tests, each specimen was examined for corrosion morphology and 
tested for weight loss. 

The El,' results as a function of time and chloride addition are shown in Figures 15 through 17. Figure 
18 summarizes the icon measurements as a function of chloride addition. I Inder the test conditions, 
DC'I-S mas the most effective in corrosion inhibition. For this inhibitor. occasional downward 
fluctuations of Eoc. suggestive of unstable passivity breakdown. were otxer\ ed only \vhen [Cl-] > 1 
M.  This value is more than one order of magnitude higher than the chloride corrosion threshold 
reported for steel tested under similar circumstances, but in the absence of inhibitor("' The nominal 
corrosion current density was I 0.01 pA/cm2, a value normally not associated with .significant 
corrosion, even when [Cl-] reached 2 M. Small-sized corrosion pits were found on each specimen 
upon final inspection. but overall weight loss was negligible. 

In the solutions with Rheocrete 222+ or FerroGard 90 1.  potentials indicative of steady active 
corrosion of steel (about -500 mV/SCE) were detected when [Cl-] > 0.2 M .  As [Cl-] increased 
toward 0.4 M, the nominal corrosion current density reached top values that \vere over one order of 
magnitude higher than in the DCI-S tests. Weight loss measurements at the end of the exposure 
period were in agreement with the electrochemical observations. The weight loss of the steel (average 
of 5 specimens) in the DCI-S test solution was 0.019 g, while the loss was 0.19 g and 0.35 g in the 
Rheocrete 222+ and the FerroGard 901 tests respectively. The difference in behavior between the 
calcium nitrite and the other inhibitors is notable considering that the terminal chloride concentration 
was much greater in the DCI-S test solution than in the others. 

0 100 200 30 0 40 0 
Ti me (days) 

Figure 15. Evolution of Eoc of sandblasted rebar in Ca(OH)2 solution with DCI-S 
(2.6% vlv, equivalent to 7000 pprn or 0.15 M NO2-). Chloride was increased stepwise 
by adding NaCl into the test solution. Dl-D5 indicate replicate specimens. 
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Figure 16. Evolution of Eoc of sandblasted rebar in C'a(OH)2 solution with FerroGard 
90 1 (7.4% vlv). F 1 -F5 indicate replicate specimens. 
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Figure 17. Evolution of Eoc of sandblasted rebar in Ca(0H). solution \ \ i th  Rheocrete 
222+ (2.5% v ~ v ) .  R I -R5 indicate replicate specimens. 
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Figure 18. Nominal corrosion rates from EIS as a function of added cl~loride content. 

OBtJECTIVE 3 - DETERMINE POSSIBLE NEGATIVE SIDE EFFECTS - 
MECHANISTIC ISSUES 

3.1 Effect on pH of Pore Solution 

3 .  I .  1 Calcium Nitrite-based Inhibitor (DCI-S) 

The presence of DCI-S had a significant effect on pore solution pH, as shou 11 by tests using the ISL 
method (Section 2.2.1.2) performed on concrete with and uithout admixed DCI-S (mixtures CDCI 
and CCTR respectivel~ Table 11). Addition of 22 Llin ' DCI-S in concrete decreased the pore 
solution pH by about 0.3 units (Figure 19). The pH drop was proportional to the total nitrite dosage 
in concrete (Figure 20). Altl~ough the presence of N0;ions in the pore solution is beneficial to the 
pitting resistance of reinforcing steel in concrete. the decrease of pol-c. solution pH upon introduction 
ot'calcium nitrite could lessen its inhibition effect as compared nit11 sodium nitrite. This issue has 
been discussed in Section 2.3 \+hen documenting this effect in simulated pore \vatel- solutions. 

'The pH drop can be interpreted as a result of the limited solubility of Ca" ions. Calcium nitrite is 
lighly soluble in neutral water (46 g at O°C and 89 g at 91°C in 100 niL ol'\vater for 
Ca (N0  1 2  ) .2H,O).('" Howe~rer. in solutions of very high pH value the concentration of Ca" ions is 
strongly limited by the solubility product of Ca(OH). (K , , ,= l . 3~  10.' at 25" C).'") For example. in a 
solution of pH 13 at 25 "C the solubility of Ca2' is -8x 10.' M. \vliich is about ID00 of the 
concentration of a pH 12.6 solution containing only saturated C'a(OH), at the same temperature. 
Since the concrete pore solution without corrosion inhibitor had pH - i3.4. the equilibrium amount of 
C'a: ions was \.cry small. The presence of calciuni nitrite in the pore solution causes part of its Ca2' 
ions to react \vitli the OH-ions in the solution to precipitate calciunl h\~droxide as follows: 



Time (days) 

Figure 19. Evolution of pEi in concrete holes of duplicate \peclmens using the ISL 
method (calibrated to 21' C'). CCTR: C'oncrete specimens \zitho~it YOz-. ('DCI. 
with NOz-. Mix design listed in Table 1 1.  

The precipitation of Ca(OM), (and consequent reduction in p l f )  ta1ct.s placc until a nen  equilibrium 
is reached in accordance with the value of the solubility product. C'liasge ncutralit>. has to he 
maintained by replacing OH- ions with an equal amount o f 'N0 ;  ions i f '  the total alkali content in the 
poresolution is assumed to be unaffected by the introduction of calcium nitrire. I'he NO; 
concentration in the pore solution (8.000 ppm. or 0.17 M. measured in the (.'[)(.'I concre& specimens 
by ISL) greatly exceeds that of Ca'. in the pH range of interest. I'he p l l  depression due to t!le 
presence of the inhibitor can then be simply estimated from 

[OH-] - [OH-], = [NO,.] 

where the subscripts and g correspond to the conditions with inhibitor and \\ithout inhibitor 
respectively. As an independent check, the nitrite concentration in the port. solution could be 

0 1 2 3 

Total admixed nitrite (%) 

Figure 20. Effect of nitrite dosage (from DCI-S) on the pore solut~o~i  pH 
expressed from concrete (w/c = 0.45, cement content = 500 kg'm ' )  ( 1 % total 
nitrite = 5 kg/m3 of concrete; 4600 ppm free nitrite in pore \Later 0.1 M). 



\ \ l i e ~ e  S I \  tlie logar~thni of'tlie cti\soc~ation constant ot'\\ater. p1 I , ~ n d  1711, 'Ire tlie pH. and y and y,, 
arc tlic acti\.it! coelticients. ot.O[ I -  ions in pore solution in concrete and &ort:1r lvitli and \\ithout 
inliihitos scspec.ti\.el!. I .sing tlie app~.osi~mtit ,ns N -= -14. -!, = 1 .  and ; l , ,  -: 1. application of Eq ( 0 )  to 
t I I ~ i r  I ( I 1  I .  I I 1 .  I i s  0 0.12 5.1. \\Iiich is on tlie order of 
tlic ilisectl!. measured ~ , n l u e  01'0.17 21. Jlore detailed esamples using this approach :we gi\.en in 
I<~-li.scncc ( 0 ) .  

0 1 1 E T 1 - 1 -  ESTIJlATE LON(;-TERM EFFECTIVENESS - PERFORMANCE TESTS 

-1. i Perform Long-Term Laboratory Tests, Outdoor Sheltered Tests, and Field Tests 

Ilic I ~ L I S ~ U X  ot'these tests \ \as to e\,aluate tlie effect of the presence of' each t!ye of inhibitor and its 
dosage on tlie onset and progression of corrosion in concrete. Special emphasis \ \as g i \ w  to 
establishing the critical chloride concentrations for corrosion initiation filr cacli inhibitor. as a 
I'i~nction ol'concrete ~ n i s  parameters. I'he tests are designed to  obtain csitical chloride concentrations 
I > \  i n c o r p o ~ t i n g  information fiom nondestructi t~ electrochemical testing. periodic sampling fbr 
clilosidc content. and detailed ailtops!. anal!xis. The \xrinbles esamined i~icluded t>.pe of concrete 
( I! pc I I  cement concrete. concrete adrnised with microsilica. and concrete ad~n ised  \\ith hot11 fly ash 
aiiJ micsosilica). t 1 . p ~  of'inhibitor (eacli of the three conimercial products p l i~s  blank controls). and 
cstent ot'inliibitor addition (fi11I dosage and half'dosage?. 

:\ ~iininiar!. ot'tlie mis  proportions used is g i \ m  in Table 12. :I11 miscs used OX5 kg'm' coarse 
aggregate \\ ith :I ~nas i rn~u i i  diameter of' 10 nlm. The coarse aggregate \ \as  oolitic limestone  unless 
otiier\\ ise i~idicated. The line aggregate \vas silica sand \,\ it11 a fineness modi~le of 2.10. 7'lie 
cc~iicntitious factor \\.as 7 bags (300 ligni'). n,ith either 20'!4 l ' y e  1. fl!. ash and/or 8'?4 silica filme 
rcplacenlent ofcementitous material. I<samples of typical ~iiis designs ~lsed are listed in Table 3. 

I'hc concrete \\.as hatched in a 37-It central miser. \vliich is located in a \~ast.house en\~iroiiment. 
1)iising extreme conditions. hatching \ \as conducted nit11 a portable miser in a temperature- 
co~itsollc~l  soom. '1'0 ~nuintain contsol ol'tlie w/c ratio. all components \\ere cxcf'i~ll>. measured and 
aggregate moisture aci,iustments \\ere made according to standards. All aggregate n-as obtained from 
1 '1)O'l' appso\ ed sourccs. and tests \\.ere conducted to determine proper gradation before batcliing. 
'l'lic bagged aggregate ~ v a s  submerged in I\-ater and completely saturated prior to mixing. One hour 
IwIi)sc niising began the aggregate \vas removed from tlie tanks and placed on grating. This \ \ a s  
dotic to dsain escess moisture tiom the aggregate and to ensure a more accurate n:c ratio \ \as  
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Figure 21. Standard laboratory test method (ASTM G- 109). 
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Figure 22. Sheltered outdoor specimens. 
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Figure 23. Field columns. 
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specimen. I'lie groo\,e was cut into three sides of'tlic specimen and steel collars \\.ere placed 0 mlii 
1'1.0111 each side of the groo\,e. 'I'lie steel collars were designed to pre\ elit tile concrete l'roni being 
cr~islied and control tlie position of the  crack. Each specimen \\.as pl;tceil i n  :I compression machine 
uncier three-point loading; pressure \\:is s l o \ v l  applied until a \.isible ~ ~ ' a ~ l i  ctc\ eloped. I'he 
deflection of the rebar maintained tlie crack n idth bet\veen 0.0 I nim anil 0.OS mm. \\ it11 :ui a\.erage 
\i.idth of 0.04 mni. 

1 1 3 lest I'rogression. Laborator! and Outdoo~ Sl~eltereii I e \ t \  

('oncrete preparation in batches for this project hegan o n  1)ecemher 10. 10%. and continued until tlie 
last mix was completed on June 10. 1997, Initial testing oi'.AS'I'hI ( i -  100 ~pcciniens coninie~iced in 
I\larch 1097. and for the three-bar specimens it bcgan in October 1007. I lie ti-100 specimens are 
Iloused in a ccmstant temperature. constant huniidit!- chamber per !IS I'J1 ( i -  100. T'liis testing 
sc l i ed~~le  requires a two \veek dry c y l e  follo\\.ed I?!. a t~1.o \\eel; \jet c!clc. \ \  it11 dl tests conducted in 
the middle oftlie wet q r l e ,  The specimens arc ponded in a 3 percent Na('l solution and the ponds 
; I IY co\.ered to reduce e\,aporation. ;It tlie end oi'the t \ \o \\eel< \\-et c!cle the solution is rcnio\~ed. and 
tlie lids rcmain off to allo\\. the concrete to full!. dr!,. Ilsposure conditions ii)r the outdoor sheltered 
specimens consisted ol'continuous partial inimersion. as indicated in Figure ? ? ( I ? ) .  in ;I solution of 3 
pcrccnt NaC'I. at temperatures corresponding to the dail! c!cle encou~itereii i n  (inines\.ille. 1:lorida. 
st~~i.ting October 1997. The bur tanks are interconnected :und t \ \o pumps ;ire used to circulate the 
I .  I'he \\.ater is circulated t\\.ice per day to obtain full \\.ater ;ier;ltion ; I I I C ~  ~liiif;)rni cllloridc 
content in tlie four tanks. 'l'he \vatel- depth is measureti \\-eelil? anil \tatcr is added to compensate for 
e\.;~poration. Salt is added as necessar!. to maintain the desired concentration. Periodic specinien 
rests inelided Iialf-cell potentials (using a saturated caloniel clcctrode. I SC'I-1 i. macrocell current. 
interelectrode resistance. resistance to an esternal electrode. IIIS. polarization resistance. and \vet 
s~lrt'ace resisti\.ity. 

4 .  1 .3 I'est I'rogression. Field Test Specimens 

'I'lic lield specimens were constructed during Spring 1097. 1-ield ins~dlation ot'tliese specinlens ~ v a s  
clela>eci due to environmental permit difficulties. Installation ot'thc iilrt!.-eight specimens at the 
2I)O'T' ('~.escent Reach outdoor field test fhcilit! in 1.lorida bcgan on l'chruar! 23 .  1 CW). anti \ \as 
completed o n  J4arcli 3. 1009. Initial testing bcg;tn X days after tlie onset oi'salt\\ater exposure. 
I'hree sets ot'corrosioii measurements I i m ~  been collected 1;)s these ticlit specimens. C'oncrete 
~.esistance measurements (increasing resistance) indicate that the specimcni a1.e continuing to cure 
;ind as >.et no corrosion actiiity is apparent. I:ou~. field specimens to he srudicd simi~It ; inco~isl~- ~vere  
alrcad! in place at h:latanzas l~ilet in I-'loricia. 'I'\\o ofthose specimciis r;dl \ \  it11 a 0.41 \\.'c ratio) are 
control mixes and two specimens contain calcium nitrite ( 5 . 4  yal !.ci ) .  I'llc pecimens  \\ere cast in 
Spring I O X 0  and instdled in Spring 1087. 

I<outinc monitoring of'tlie experimental test piles is in progress. I'ests i~icl~iili' half-cell potentials \.s. 
a utusated copper-copper sulfate electrode. macrocell ciu-rent. interclcctroiie ~~esistance. r ~ s i s t a ~ i c e  to 
a11 external titanium electrode. EIS. polari~ation resistance. and surt':tcc resistii it!.. '1  he l~nll-cell 
potentials \.s, an SC'E at the soil 1e\-el indicate uncertain corrosion acti\ it!. (~ t ' t l ic  rebar in that area for 
the control specimens. but generall?. passi\r he l ia~~ior  t b r  the specimens containi~ig calcium nitrite. 

111 l o \  cmber 1002 t\\ o lanes \\,ere added to Bridge # 150 138 on State Koad 00 o \ w  Tampa I3aj.. 
I.'loricia. i:our experimental piles and caps \vest. included in tliis constri~ctio~l pro,ject. I 'he 
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experimental piles and caps contain Type I1 cement with low wic ratios (0.30 and 0.33 respectively). 
The mix design specified that the cementitious material be replaced M it11 go/;, silica fume and 20% 
TJ pe F fly ash. and that the mix also contain 22 L/rn7 of DCI-S. The experimental pileslcaps are 
located \?,ell above the high tide mark nit11 exposure to salt ~ ~ a t e r  limited to extreme storm surges. In 
April 1997 FDOT personnel performed an in-depth corrosion sun  eJr of thew four pllesicaps. 
Electrochemical tests revealed no corrosion activitj: consistent u it11 the relatll el! moderate exposure 
conditions of these piles. Monitoring of this test site continues. 

4.2 Evaluation of Inhibitor Performance 

4.2.1 Scope of Early Observations 

?. 
I h ~ s  report colTers test results obtained until mid-late 1999. M'ithin this perlod. most of the test 
\pecimens remained inactive. Significant manifestations of corrosion n e w  obser1,ed only in some of 
the three-bar column groups and reporting will be limited to those categories 

Each three-bar column specimen was monitored until \,isual indications of'corrosion-induced 
craclting were observed on the surface of the specimen. 'That e\.ent mas designated as specimen 
l'ailure a i d  the failed specimen was removed from the test tank for autopsq. I'esting on the unfailed 
replicates continued. 

I Ipon later examination, some speciinens were found to contain bars that had shifted out of position 
during casting. Those specimens and their corresponding time-to-failure and electrochemical data 
\+ere remm ed from consideration when computing average properties or statistical analyses of the 
peer group (lmwever. some of the discarded specimens were used to e i  aluate chloride penetration). 
The number of remaining specimens in each group is indicated as "'TOT/lI." in Table 15. 

The pre-cracked three-bar specimens experienced very early failures. In June 1998 one third of those 
specimens were removed from the talks. and in November 1999 the last cracked specimens n.ere 
removed. Because of the early development of failure there was little differentiation in behavior 
between the various categories of pre-craclted specimens. and analysis of those results 11as been 
suspended. Of the remaining three-bar columns, three groups experienced significant deterioration 
through June 1999 and will be discussed in detail. The mixes for those groups Lvere C 1 (no 
pozzolans, 0.41 wlc ratio). C2 (no pozzolans, 0.50 w/c ratio). and 1'3 (30 percent fly ash replacement. 
0.50 wlc ratio). Autopsy inforination obtained from failed specimens is listed in Table 14. Chloride 
contents were measured from concrete removed from the failed specimen as indicated in Figure 24. 
In this section. only the results for the specimens with hill inhibitor dose bill be considered; the 
effect of dosage reduction will be discussed in Section 5.1. 

Figures 25. 26. and 27 show the e\olution of half-cell potentials for mix groups C1. C2. and P3. 
respectively. .4 norninal threshold of -280 mV/SCE (which mould indicate greater than 90 percent 
psobability of corrosion activit] per ASTM C-876) mas adopted for co~nparison purposes. The 
potentials shown are the average of the specimens of a given type remaining in the tank at the 
indicated time. Charting is discontinued after 50 percent of the initial speciinens in the group failed. 

The sum of the currents flowing between the center bar and the side bars (indicative of corrosion 
macrocell activity) was averaged for all the specinlens in these groups and is plotted as a function of 
exposure time in Figures 28(a). 29(a). and 30(a). Polarization resistance histories for selected 
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Figure 24. Location of chloride test specimens from a three-bar column. 

specimens in these mix groups are likewise displayed in Figures 28(b). 29(b). and 30(b). Discussion 
of these results is given below for each inhibitor separately. Comparisons between the behavior with 
and without inhibitors are only relative. and cover a time frame of only about one year. It must be 
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+ CTRL W FER t DCl + R E 0  

Figure 25. C1 group half-cell potentials to a SCE over time for the three-bar 
column specimens. 



t CTRL I FER A DCI - -  R E 0  
d 

Figure 26. C2 group half-cell potent~als to a SCE o\er  tlme l'or the three-bar 
column specimens. 

emphasized that these trends reflect early behavior in highlb permeable concrete. and ma) he 
different than those that will develop for the less permeable concrete formulat~ons. 

Age (days) 
f CTRL a FER A DCI -X- R E 0  

Figure 27. P3 group half-cell potent~als to a X ' E ,  o\er  tune for the three-bar 
column specimens. 
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Figure 28(a). C1 group average current values over time for the three-bar 
column specimens. 

4.2.2 Calcium Nitrite-based Inhibitor (DCI-S) 

As of June 30, 1999, all C1. C2, and P3 specimens but four had failed and were removed for 
inspection. Comparing in Figures 25 through 27 the potential data of the DCI-S specimens with that 
of the respective controls, the DCI-S specimens exhibited nearly double the nominal time to 

Figure 28(b). C1 group polarization values over time for a selected three-bar 
column specimen from each group. 
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4 - C T R L  FER + DCl + R E 0  

Figure 29(a). C2 group average current values over time for the three-bar 
colu~nn specimens. 

corrosion initiation (TCI) (assigned as the time at which the average half-cell potential reached -280 
mV/SCE) of the controls. From the values in Table 14. the DCI-S specimens also showed a nominal 
improvement of about 50 percent over the controls in observed time-to-failure values (although this 
figure will be updated as the complete set of specimens reaches failure). The DCI-S specimens also 
had before-failure macrocell currents (absolute values) lower than those of the controls and the other 

Figure 29(b). C2 group polarization values over time for a selected three-bar 
column specimen from each group. 
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+CTRL r FER t- DCl ++ R E 0  

Figure 30(a). P3 group average current values over time for the three-bar 
column specimens. 

two inhibitors in the C1 and C2 groups. The polarization resistance of the DCI-S specimens was also 
much higher (less corrosion) than that of the controls in all three concretes. and also higher than 
those of the two other inhibitors in the C1 group. Additional discussion of the macrocell and 
polarization resistance results of all three inhibitors and controls is presented in Section 4.2.5. 
Overall. the results collected from electrochemical testing agree with the generally good ranking 

0 50 100 150 200 250 300 350 400 450 500 550 

Age (days) 

1 t CTRL . FER A DCI -++ R E 0  I 

Figure 30(b). P3 group polarization values over time for a selected three-bar 
column specimen from each group. 
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indicated h!. tlie TCI and time-to-failure obsenxtions. For 1'3 gsoup spccimcns. the controls showed 
lo\\.er corrosion currents and polarization resistatice \.slues \\.hen compared to the three inliihitors 
studied here. 

-4 7.3 Organic Corrosion Inhibitor 1: (I:erro(iard 901 I 

4 2 4 Osgmic Corrosion Inhibitor R (liheocrcte 732 1- 

I lie macrocell current and polarization resistance measurements x e  relati\ c indicators of'corrosion 
intensity. Accurate c\.aluation of' corrosion ratcs from those n~easi l rc~nc~i ts  i h  not possihle hecause of 
nilmerous complicating k~ctors detailcd e l se \~ - I i e~c . ' - '~ '  1 lo\\e\.cs. r o l ~ ~ l i  csti~ii;~tc:, can he III ; IC~C using 
siniplif!.ing assumptions. 

I:or ~~iacroccl l  cim-ent measurements in tlie three-has colunins. it coulcl hc ahsilmed tliiit [lie central 
1 ~ 1 r  is a p i~ re  cathode and that the cathodic current generated at that Iw i h  1 .; ol'tlie total cathodic 
c ~ ~ ~ ~ e n t  (the upper portion of tlie other t n n  bars \vould contrihuti. thc' ~.cni;~ining 7-3 1. Tlic precise 
si/e of'the anodic region that de\.elapcd alter corrosion initiation is unl.rno\\ n and \ \as prol~abl! 
increasing \+-it11 time as chloride penetration progressed. Se\wtlicless. hascd on the oi.er;~ll 
appearance of'damage in selected autopsied speci~ilens (results to he tlctailcil in u sc~bsecluent report). 
111c length o f  the corroding region in bars I and 7 \ \as ty~icall!. o n  the oscier 01' 10 cm. corresponding 
lo L L  total corroded area - 80 cm'. ;\pproximating steel corrosion a i l  i t  \ \crc that ot' pure I:e iimning 

( . ' I 1  

I;c ions. ;I unil'orni anodic current densit!. of 1 11.1 cm- col-~wpontis b! 1:ar:daic con\ ersion to a 

corrosion penetration rate of 1 1.7 1lrn.J.. 'I'lius for these specimens a niacroccll current ot' I0 pX 
\\auld correspond to an apparent uniform corrosion penetration ratc ( in tlic corroding region of I0 x 
.; s 1 1 .7 , 80 - 4.3 pm,'y (-0.2 nip! ) .  .I\ erage mncrc~cell cLirrents aticr corrosion initiation in these 
specimens ranged fi-om -1  0 p..\ to 200 p;'i so apparent a\,ei-age penctr;~tion rates \\crc in tlic order 
I 4 prn!!. to --80 pi'!. (indi\.idual hars or portions of' b x s  ma!. ha \  2 i*spcrienced rates significantl~ 
higher than the axrerage). The critical corrosion penetration fiv cr~lcli111g tlic concrete co\ cr.  lien the 
co\.er to rehar diameter is comparable to that present in tlicse spccinicns. has been repostt'il to be in 

I : ( I  , 

the order of' - 10 pm t o  -- 100 pm. I'his range r o ~ ~ g l i l ~  ;yrces \i itli tllc c'htiniated rates and the 
obscn~i t ion ol'craclting in the three-has specimens I\ itliin about 1 ! c:~r 01'tciting. 



I'arudaic con\,ersion and a corroding surface area -80 crn2. and a Stearii-(;easy constant of 0026 v , ' ~ )  
thcse results correspond again to apparent corrosion penetration rates in the order of -4 pm/y to 80 
p i  y in good agreeinelit with the niacrocell current results. Detailed analysis of continuation testing 
m i l l  be perhriiied to assess the \didit)  of these preliniiiiary corrosion rate estimates. 

OBJECTIVE 5 - DETERMINE POSSIBLE NEGATIVE SIDE EFFECTS - PERFORMANCE 
TESTS 

5.1 Estimated Time to Failure 

Expected ?'CI is based on several factors including concrete permeability. chloride concentration, 
corrosion current. lialf-cell potential. and polarization resistance. As samples are remo\,ed from the 

"F!\II~lIRE" is considered the first visual sign of corrosion-induced cracking 
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Table 15.  Average Days to Failure for Tliree-bar Columns 

DCI-C2- 1 .0 
REO-C2- I .O 

CTRL-P 1 
FER-PI-0.5 
FER-PI-1.0 
DCI-PI-0.5 
IjC'I-PI- 1.0 
IUm-P I -0,S 
I<lX)-PI-1.0 

C'I'RL-1'2 
FER-P2-0.5 
I'ER-P2- I .O 
IIC'I-P2-0.5 
LKI-P2- 1.0 
REO-P2-0.5 
RF,C)-P2- 1.0 

C'TRL-P3 
FER-P3- I . 0  
DCI-1'3- I .O 
REO-P3- 1.0 

C'TRL- P4 
I 

1 I:I:R-1'4- I . 0  
r x : 1 - ~ 4 -  I .o  
REO-P4- 1 .O 

C'TRL-G l 
FER-GI - I . O  

I DCI-G1-1.0 
REO-GI-1.0 

l2,'l 8 M  
12/19'96 
0211 0'97 
02/24/97 
0211 3 9 7  
O2.'14i97 
O3;O5;07 
02i27107 
02127'97 
04: 14/07 
04 17.07 
04: 17i97 
04/22i07 
04/22/97 
04/28/97 
04/28'07 
04.'0 1 07 
03:27'97 
03/24'07 
03.'20;07 
04:O 1/07 
03$27'07 
03:24:07 
03.'20/97 
05108197 
05'2097 
O5/1 2 S 7  
05: 15/53? 

I Oil 5197 
1011 5197 
1 0/22/97 
10/22/97 
10:'22!97 
10Q2/97 
10:22W 
1 Ob22197 
10$22;'97 
10!.30/97 
10/30!07 
I 0/3 O!')? 
1 013 0197 
1 Oi30197 
IOi30:97 
10./30/97 
10~15/97 
10/15/97 
l Oil 5/97 
10; I 5/97 
10'22/97 
I 0122 '07 
1 o 2 2 W  
10122197 
10/30197 
I 013097 
1 0i30197 
101'30/97 

300 
3 17 
,504 
-5 I0 
,586 
,580 

>SXh 
,54' 
564 
-iil . - 
578 
578 
,578 
> i 7 8  
,578 
,578 

1.437- 
,307 

5.5 
5.5 
2,5 
2.5 
0:2 
0 /6 
0 '6 
2 ' 5  
2 5 
I 0 
0 A 
0 0 
(1 '0 
0 .6  
0)h 
0 5  

$5 
I 5 (1 

47 l 
3 69 
- 586 
,586 
-586 

\ j X h  

3 70 
450 
,578 
,570 

1 ,4 
4 4 
OM 
0 '(1 
o;h 

(116 
6/0 

0 '6 
Oi6 
3 5  



tank. all of the factors are taken into consideration to formulate a time to failure for the remaining 
samples. The addition of nitrite raises the repassivation potential to increase the time to failure. even 
at high chloride concentrations. 

Preliminary results from a limited number of three-bar specimens show poor correlation between 
chloride concentrations and actual time to failure. Possible sources causing this behavior may 
i~lclude the lowering of concrete pH by added pozzolans resulting in a l o w s  critical chloride 
threshold. and non-uniform chloride penetration ("chloride bunching." multidi~nensioi~al chloride 
penetration. and the chosen location of'sampling for chloride testing as per Figure 2 3 ) .  Work to be 
done in these areas includes retrieving chloride samples from the three-bar specimens at the outer 
edge of the active bar to investigate the effects of non-uniform chloride penetration. and laboratory 
tests to further investigate the effects of lower pH on critical chloride threshold. This work will be 
completed and results will be discussed in a future report. 

5.2 Determine Effect of Insufficient Dosage on Corrosion Progression 

This discussion concerns the effect of ~nhibitor dosage reduction and supplements the earlier 
discussion of behavior under full dosage. Table 15 lists the three-bar column a\ erage time-to-failure 

dues  fi)r all mix groups, keyed to whether no inhibitor (control). half dosage. or full dosage was 
used. Thus. for those cases the reported average d q ~ s  to failure are on11 loner limit result~ng from 
aceraging the actual failure times in the failed specimens with the total test t m e  to date for the 
unfailed specimens in the group. The mix groups considered in this section are limited to C'1 (no 
pozzolans. 0.41 w/c ratio), P1 (20 percent tly ash replacement, 0.41 u l c  ratio). and P2 (20 percent fly 
ash replacement, 8 percent microsilica replacement, 0.41 wic ratio). Each of these mix groups 
includes specimens cast with half and full inhibitor doses. 

0 50 100 150 200 250 300 350 400 450 

Age (days) 
-t CTRL W DCI-H t- DCI-F 

Figure 31. Comparison of the Group C 1 potential histories of the full-dose 
DCI-S specimens, the half-dose DCI-S specimens. and the control specimens. 
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Figure 32. Comparison of the Group C1 potential histories of the full-dose 
FerroGard 901 specimens, the half-dose FerroGard 90 1 specimens. and the control 
specimens. 

5.2.1 Calcium Nitrite-based Inhibitor (DCI-S) 

Based on the data taken from ongoing testing, the TCI (defined using the same nominal potential 
criterion as in Section 4.2) increased as the DCI-S dosage rate increased. As an example, Figure 3 1 
sho\j7s an increase in TCI for specimens containing half the recommended dose of DCI-S ( 1  1 L/m3) 
o \ w  the control and on average nearly double the TCI for specimens containing the recommended 
dosage of DCI-S (22 Llm;) compared to the TCI for the control. 

Figure 33. Comparison of the Group C 1 potential histories of the full-dose Rheocrete 
222+ specimens, the half-dose Rheocrete 222+ specimens. and the control specimens. 



Table 1 6. Saltwater Exposure Time and Chloride Concentrations tbr I'hree- bar C'oluiuis. 

MU( NAME 

CTRL- P3 E 32 1 0 137 1 43 1 

DCI-(2-1 0 

DCl-C2-1 0 

REO-C2-1 0 

CTRL-PI 

SAMPLE 

A 

B 

A 

F 

REO-P3-1.0 

CTRL-GI 

CTRL-GI 

'24 seen In Figure 32. the addition of the recommended dose ( 1 0  1, 111 ot I crroGard 001 pro\ ided 011 

n\ erage 0111) a marginal increase III TCI \ ersus the control specimen\ \ o  noticeable dlffcrence mas 
0I7sm ed between the half dose and the control. 

SALTWATER 

EXPOSURE 

(DAYS) 

i 

5.2.3 Organic Corrosion Inhibitor K (Kheocrete 2 2 2 t )  

32 1 

32 1 

32 1 

546 

B 

C 

D 

FER-GI-1 0 

N o  appreciable difference betneen half the recommended dose and thc ti111 ~ccommended dose mas 
observed An example of the obser\ed behavior 1s shonn in I 1gi11e -;7 (rc~lcr~iIl>. the jpeclliiens 
d m ~ x e d  111th Rheocrete 222+ b e h a ~ e d  in the same manner ds the con t~o l  \pi.c~meiij 

INITAL 

CHLORIDE 
ilblyd-) 

5.3 Effect of Inhibitor on Chloride Transport 

CHLORIDE @ 

END OF EXWSURE 

ilbly d 3 )  

0 '16 

0 116 

WA 

0 182 

32 1 

370 

370 

5.2.2 Organic Corrosion Inhibitor F (FerroGard 90 1 ) 

F 

('hloride concentrations were deterniined accord~ng to Florlda I\~lethoci I 21 <-I I 0  (n  u e t  cliemlstr~ 
test of x ~ d - s o l u b l e  chlorides. In triphcate n i th  a niaxlmuni accept,~blc t~lngc of ~esu l t s  h e ~ n g  0.08 
Ibs j d  ) on 122 three-bar speclrnens Of those specimens. 37 \$ere t>l,tnl\s (~'1st u ~ t h o u t  steel) 
Spec~mens contaming remtorclng steel \$ere alloned to cracl, t7efo1c terii~~ilating s a l t ~ a t e r  elposure 
and sanipling for chlor~deq Table 16 l ~ s t s  the in~tial  chlor~de concentr,lt~on\ of the thee-bai 
speclinens befhre saltmates exposure. and chloridc concentrations ' ~ t  h e  end ot s d t \ \ a t e ~  e\poiure 

3 9 

8 42 

1 1  44 

10 44 

0 81 

0 164 

0 318 

0 318 

370 

6 63 

2 32 

3 57 

0 267 3 95 



Table 17. Saltwater Exposure Time and Chloride Concentratio~s for Intentionally 
Cracked Three-bar C o k m ~  

SALTWATER INITkL CL- @ END SALTWATER INlTLAL CL- @ END 

MIX SAMPLE EXPOSURE CHLORIDE OF EXPOSURE MIX SAMPLE E3POSURE CHLORIDE OF EXPOSURE 

NAME (DAYS) (Ibiyd3) (Ibiy d3) NAME (DAYS) (Iblyd3) (lbiyd3) 

CTRL-C1 A 279 0 148 7 24 FER-F2-1.0 A 279 0.279 0 57 
CTRL-C1 C 279 0 148 9.56 FER-PZ-1.0 C 370 0 279 0 78 

DCI-C1-1 0 B 32 1 0 167 0.243 

REO-C1-1 0 A 279 NI A 7.05 CTRL- P4 0.245 

REO-C1-1 0 C 279 M A  8.76 CTRL- P4 0.245 1.15 

CTRL- PI A 272 0 182 0.75 FER- P4- 1 . O  0.244 1 06 

E l - P I - 1 0 1  C I 314 1 0175 1 1.55 IIREO-P4-1.0) C I 314 1 0.253 1 1 56 

REO-PI-1.01 A I 454 1 0.172 1 2.56 11 CTRL-GI I A I 279 1 0318  1 6 51 
I I1 I I I 1 . . 

I 1 I 

REO-PI-10) B I 314 1 0172 1 1 60 11 CTRL-GI I C I 370 1 0 3 1 8  1 5 40 

(hom the location indicated in Figure 24). These 
locations between the bars were chosen to minimize any 
~iiultidimensional effects of chloride intrusion, also to 
t r j  t o  a\ oid an] chloride bunching around the rebar. 
,411) bunching would skew the results. 1,iltewise. Table 
17 li5ts chloride information for 39 pre-cracked 
specimens. From the cores extracted. the specimens 
te5ted for chloride content consisted of 6.3 mm slices 
taken corresponding to the minimum concrete cover 
oker the reinforcement, 25 mm. On blank control 
specimens. chloride concentrations were determined at 
ten separate elevations as shown in Figure 34 to map a 
general profile of chloride transport The blank control 
specmens bere all sampled at approximately 550 days 
of exposure. The chloride concentration values 
o lm~ned  fro111 the nater line (150 mm from the bottom 
0 1  Ilie spec~men. and corresponding to the region shown 
In 1 Igure 24) are also presented 111 Table 18. As 
mentioned in Section 5.1, further In\ estigation is 
plmned. 

Table 18 also shows the ratio of chloride content in the 
specimens containing inhibitors (a\wage in a given 

- WATER 
LINE 

Figure 34. Core locations for chloride 
testing on blank specimens. 



Table 18. Saltwater Exposure Time and Chlorlde Concentrat~nns tor 
Blank Lab Columns 

REO-PI-0 5 1 545 I 0 201 1 0 23 1 0 17 IIFER-GI-1 01 537 1 0 267 1 2 05 I 0 38 
REO-PI-1 01 545 1 0 1 7 2  1 1 51 I 1 09 11 DCI-GI-1 0 1 537 1 0 253 1 2 30 1 0 4 3  

group including both the full- and half-dosage specimens) to chloride content in the corresponding 
control. Table 19 shows the average chloride content ratios of the three inhibitor mixes compared to 
that of the corresponding control mixes. Since all the analyses for the blanks were made after nearly 
the same time of exposure (about 550 days), these ratios of chloride content at the same depth might 
re~real differences in chloride ingress. However, the ratios showed a great deal of variability from 
group to group. On average. the chloride penetration when comparing concrete with different 
inhibitors Lrersus concrete without inhibitor differed by less than a factor of t~vo .  Thus. the results to 
date ha\.e not revealed any well-defined effect in chloride penetration from the presence of any of the 
inhibitors examined. Chloride penetration data from ongoing tests uith the Cj-109 specimens may 
provide more decisive information. Because the times to failure varied Lvidelj,. an analysis similar to 
that of the blank specimens could not be reliably performed on the specimens. The results in Table 
16 do indicate typically higher chloride contents at the rebar depth for the Fdiled specimens than for 
the blanlts. even though the latter were exposed for longer times. This observation likely reflects 
enhanced chloride ingress through distressed concrete in the failed samples. possibly resulting from 
extensive microcracking during the period before damage became visually apparent. 

5.4 Examine Possible Adverse Effects on Concrete Physical Properties 

5.4.1 'Transport Effects - Rapid Chloride Permeability (RCP). 

1 his test complies with ASTM C 1202. All testing of the mixes listed in 'Table 13 has been 
completed. and results are presented in Table 20. Generally. the 360-daj, RCP tests resulted in lower 

Table 19. Average Chloride Content Ratios of All Spechc Inhibitor Mixes versus 
the Corresponding Control Mixes for Blank Lab Columns 

1 IUHIBITOR / MAXIMUM RATIO I MINIMUM RATIO I AVERAGE OF RATIOS ] 
1 F ERR0 GARD I 2.8 1 0.35 I 0.97 I 
DC'I-S 
RHEOCRETE 

1.9 
5.17 

0.43 
0.12 

0.91 
1.38 



Table 20. Impressed Current. RCP and Surfice Kesistivh at 98  and 360 Days 

(impro\wt) \,slues compared to the corresponding 28-day results. \\hich is in agreement nit11 the 
compressi\:e strength results slio\\ing that the speci~ileiis continued to curt'. 'l'lie addition o f  
corrosion inhibitors (FerroGard 001. Kheocrete 222+) resulted in s~nal l  or moderate increases in RCP 
(see nest section) of'wet-cured concrete. KC'P \ d u e s  were lo\$-er fiv tliosc mixes using granite as the 
coarse aggregate. The addition of fly ash yielded results indicating :I s lo\ iw curing time. but a less 
permeable concrete at 360 da\.s. Lflien microsilica \ \as admixcd. the Ii ( 'T '  ~.csults indicated that the 
curing process was accelerated. 

Sc\ era1 tests \\it11 air-cured concrete r e d t e d  in \erq high (about 12 LC' 01 larger) RC'I' \ ali~cs.  Those 
results are be~ilg examiiied for possible experimental artifacts. 
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Figure 35. Surface resistivity versus KC'P uslllg concrete c: linders from all mix 
groups at 28  and 360 days 

5 . 3 . 2  Transport effects - Wet Surface Resistivity (WSI1) 

The WSR readings were taken at 28 and 360 days on the s~~r face  of thc. iame specimens used for 
RCP. after moisture conditioning, using a CNS Wenner arraj probe ,111d the procedure described by 
Morris et al.l'" WSR measurements have been conducted for all groups per the testing schedule, at 
28 and 360 days. The results are presented in Table 20 

Table 2 0  also compares the ratio of 360 day WSR of concrete \vith each inhibitor to that of the 
inhibitor-free controls. An average of the corresponding ratios for all misturcs is presented in Table 
2 I .  The addition of inhibitor resulted in only modest reductions in WSK in the more permeable 
concretes. For the less permeable concretes (P 1 to P4) the IX'I-S caused ahout 1 .'3 WSR reduction 
at fill1 dosage while the effect for the other inhibitors \\as smaller. 'i'hrse effects were also reflected 
13) Increases in RCP in the corresponding specimens. 

As expected. the WSR results correlate well with the KCP results. as sho\\n In Figure 35. Both 28  
and 360 day test results have been plotted on the s,me graph for compasiron to the equation 
cie\,eloped bq Berke''') for correlation between WSR and RC'I? 

5.4.3 Transport Effects - Impressed Current 

This test complies with Florida Method FM 5-522.'"' Reinhrced concrcte "lollipop" specimens are 
suljected to anodic impressed current (from a constant potential source) in S o h  salt~vater solution. 
Generally. the longer the specimen lasts under test. the lo~ver the permeability. Information obtained 
from this test is indirectly related to the concrete permeabilit!.. Lvhich in turn affects resistivity. 
Testing for all groups has been con~pleted. All reported readings (Tabie 70) are an average ot' three 

5 3 



Table 2 1 .  360 Day RCP and Surfice Resistivity Ratio Averages 
of All S p e c k  Inhibitor Mixes versus Corresponding Control Mixes. 

RCP 360 DAY Surface Resistiuty 360 DAY 
lNHIBIToR I AVERAGE OF RATIOS I AVERAGE OF RATIOS I 

FERROGARD I 1.11 

test specimens. Generally. FerroGard 901 mixes lasted longer than the respective control mixes. Also, 
due to the ionic contribution from calcium nitrite, mixes containing DCI-S generally cracked more 
quickly than their corresponding controls. No noticeable tendencies were observed between the 
Rlieocrete 222+ mixes and the respective controls. Specimens also generally took longer to fail when 
either microsilica was admixed, or when granite was used as the coarse aggregate instead of 
limestone. 

0.99 
- -. - I 

- - 
I 

- - 

5.4.4 Compressive Strength 

nccs I 1.39 1 0.84 
RHEOCRETE I 1.10 

This test is conducted in accordance with ASTM C 39. Compressive strength tests were conducted at 
28 and 360 days after batching on each of the mix groups (Table 22). All compressive strength 
information reveals little difference between the mixes containing corrosion inhibitors and their 
respective control mixes. Rheocrete 222+ mixes were the only mixes to consistently show a small 
loss of compressive strength compared to the controls for corresponding mix groups. Generally, 360 
day test results were higher than 28 day test results, which indicates that the specimens continued to 
cure during that time. The curing of the cylinders in open air (as opposed to saturated Limewater) 
appeared to result in increased early compressive strength. The addition of fly ash extended the 

0.93 

C 1 C2 P1 P2 P 3 P4 G 1 

Mix Group 

I 

I 28 Days 360 Days 

Figure 36. Comparison of compressive strengths between mix groups measure 
at 28 and 360 days. 



Table 22. Compressive Strength and Sulfite Exposure Properties of ,411 Mixes 

(TRL-GI 05/05/97 7718 7003 9026 N A -0.0047 1 0.3657 -0.0020 0.3553 
r 
l:ER-GI-I .O 05120197 7095 6357 8068 Ni .4  -0.0071 0.3771 0.00.35 0.5258 
DC'I-GI-1.0 05112197 8732 8409 9729 A NIA 0.0029 0.2368 -- 

overall curing time for the specimens, with compressivz strength increasing considerably from 28 
day tests to 360 day tests. The addition of microsilica resulted in specimens achieving high early 
strength. with little change in strength from 28 to 360 day tests Of the \ arious coarse aggregate 
groups, the group using granite coarse aggregate exhibited the highest compressive strengths for all 
mix groups (Figure 36). 
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Figure 37(a). Length change due to sulfate exposure over time for the C 1 
group. 

Sulfate Exposure (Length Change and Mass Change) 

This test is conducted in compliance with ASTM C 490. All testing has been completed. and results 
are shown in Table 22. A complete set of figures showing length change and mass change over time 

100 200 
TlME (days) 

Figure 37(b). Mass change due to sulfate exposure over time for the C 1 
group. 
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Figure 38(a). Length change due to sulfate exposure o \ w  time for the P 1 
group. 

is shown in Figures 37 to 40. There appears to be no appreciable difference betmeen inhibitor mixes 
and their respective controls for either length change or mass change. There appears to be no 
appreciable difference between specimens containing limestone or granite aggregate. Generally. the 
addition of fly ash and fly ash with microsilica appears to result in a decrease In length and mass 
change compared to the control group. 

I 
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Figure 38(b). Mass change due to sulfate exposure over t m e  for the PI 
group. 



100 200 

TlME (days) 

Figure 39(a). Length change due to sulfate exposure over time for the P2 
group. 
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Figure 39(b). Mass change due to sulfate exposure over time for the P2 
group. 
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Figure 40(a). Length change due to sulfate exposure over time for the G1 
group. 

100 200 
TIME (days) 

Figure 40(b). Mass change due to sulfate exposure over time for the G1 
group. 



OBJECTIVE 6 - ESTABLISH SUITABILITY FOR REHABILITATION APPLICATIONS 

6.1 Evaluate Alternative Repair Strategies 

-I'\\el\.e specimens Tvere cast using concrete from the P1 group control mix. ..Ill specimens are 
located in the outdoor exposure facilit!. so as to experience the effects of' differing temperatures and 
humidities indigenous to C;aines\.ille. Florida (Figure 41 (a)). The nb.ject is to pond the specimens 
\\ it11 3 percent sodiu~n chloride solution as shown in Figure 4 1 (h) and allo\\. them to corrode and 
spall n a t ~ r a l l ~ .  as part of their conditioning. Once all specimens 11a1.e spalled. the!. \ \ . i l l  be repaired 
using concrete batched \\.it11 the original mix design. Ho\vever. four speci~nens bill be repaired with 
calcium nitrite-based inhibitor (LICI-S) admixed. four specimens \\. i l l  be repaired \vith organic vapor- 
phase corrosion inhibitor (F'crt-otiarct 003) admixed. and the remaining f'our specimens \ \ - i l l  be 
sepaired as controls. I'esting nil1 hegin as salt~vater ponding resumes. ( ' i~rrentl~, .  all specimens are 
still in the conditioning stage. \!.it11 approximatclj. 50 percent ot'specimens sliowing signs of' 
corrosion. 

6.2 Test Field Repairs and Long-Term Assessment 

Testing performed on an csperimcntal hridge cap located on State Road 60 olfer Tampa Ba! revealed 
that 110 acti1.t. corsosion \\-as in proyress at the time. Further studies of this site are planned. 

EPOXY SEAL AT A... LOCATIOYS -2 
r.-- &-. 

Figure JI  . Sheltered outdoor specimens. 



CONCLl JSIONS 

The procedure to determine nitrite content in hardened concrete has been well established; nearly 
100 percent nitrite recovery was achieved. 

A 70- percent to 80- percent recovery of FerroGard 901 using UV absorption at 224 nm from 
concrete and mortar samples has been achieved. 

Autopsy of 17-year-old reinforced concrete slabs prepared in a former FHWA investigation and 
exposed to weathering indicated that calcium nitrite is chemically stable in the concrete 
environment, as expected also from theoretical calculations. In slabs that retained physical 
integrity. there was spatial internal redistribution of the nitrite but much of it remained in place. 
There was significant nitrite loss in some high-chloride content slabs where crumbling of the 
concrete cover took place due to corrosion damage. That condition is thought to have facilitated 
nitrite loss by leaching during weathering. 

The apparent diffusion coefficient of nitrite in OPC concrete (\l-Jc=O.41) was -2.0 x 1 0-%m2/sec. 
The diffusivity of nitrite decreased with a lower wlc ratio of concrete. extended curing, fly ash 
addition as cementitious replacement, or lower temperature. 

Preliminary results showed that the apparent diffusivity of the detectable species within 
FerroGard 901 was on the order of 5 x1 0-9 cm2/sec. 

Both the ISL and the PWE methods indicated that nitrite experienced approximately linear 
binding in concrete and mortar. When admixed as calcium nitrite, the ratio between bound nitrite 
to free nitrite was -7. The ratio was much lower for nitrite when admixed as sodium nitrite. 

For a typical DCI-S dosage of 22 Li'm3 in concrete, free nitrite in pore water was -0.2 M. 

Addition of DCI-S into concrete lowered the pore solution pH. The reduction was roughly 
proportional to the total nitrite content. Precipitation of calcium hydroxide upon introduction of 
calcium nitrite (from DCI-S) quantitatively explained this phenomenon. 

Cyclic polarization tests were performed on reinforcing steel in simulated concrete pore solution 
containing chloride in excess of nitrite. to reveal behavior under low-dosage conditions. Addition 
of nitrite as calcium nitrite (DCI-S) under those conditions modestly raised the pitting and 
repassil~ation potentials. Addition of sodium nitrite to similar molar lexels resulted in a strong 
increase of both potentials. The difference was ascribed to reduction of pJ-I upon addition of the 
calcium salt. but not of the sodium salt. 

In open-circuit immersion tests in calcium hydroxide solutions containing chloride. DCI-S 
provided better corrosion inhibition than the other products examined. 

1 1 .  Three-bar reinforced concrete specimens with DCI-S. exposed to chloride. showed extended TCI 
and time to cracking. compared to controls without inhibitor. This observation was in agreement 
with non destructive electrochemical measurements during exposure. 



12. Three-bar specimens with FerroGard 901 exposed similarly as the DCI-S specimens showed only 
modest indications of corrosion protection. Under the test conditions used the Rheocrete 222+ 
specimens showed little evidence of effective corrosion protection. 

13. No conclusions can be determined from the chloride concentrations. 

14. Tests with three-bar specimens indicated significant reduction in protection when the DCI-S 
dosage was reduced by 112. No appreciable changes from the full-dosage performance were 
observed for the other two inhibitors when the dosage was reduced by 112. 

15.  There was poor correlation between concrete chloride contents determined in selected three-bar 
specimens and the onset and development of corrosion in peer group specimens. Sources of 
uncertainty, to be examined in subsequent work. may include variability in the location of 
corrosion initiation and non-uniform chloride penetration. The results available to date are not 
sufficient to discern any effect on chloride penetration from the presence of any of the three 
inhibitors tested. 

16. The addition of corrosion inhibitors resulted in small (FerroGard 901. Rheocrete 222+) to 
moderate (DCI-S) increases in RCP charge measurements in wet-cured concretes. 

17. The presence of inhibitor resulted in only modest reductions of concrete resistivity (in wet 
concretes) in the higher permeability concrete tested. For the less permeable concretes (those 
with pozzolanic additions), the presence of DCI-S caused about 113 resistivity reduction at full 
dosage while the effect of the other inhibitors was smaller. 

18. Impressed current tests at constant driving potential in "lollipop" specimens showed lower times 
to cracking in the DCI-S specimens than in those of the other inhibitors. It is expected that this 
behavior reflects the lower resistivity of the concrete with DCI-S. 

19. There was little difference between the compressive strengths of concrete mixes containing any 
of the three corrosion inhibitors and their respective inhibitor-free controls. Rheocrete 222+ 
mixes were the only ones showing a consistent but small loss of compressive strength compared 
to that of the controls. 

20. There appears to be no appreciable difference between the sulfate resistance of mixes containing 
any of the inhibitors and their respective controls. 
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APPENDIX 1 

NITRITE RECOVERY CALCULATION 

Nitrite, extracted from a powdered concrete sample (which ha5 been pre\~iously drilled from a 
concrete specimen), is first converted to the amount of nitrite per gram of as-drilled concrete. and 
then further converted to the amount of nitrite per gram of oven-dry concrete. To accurately calculate 
recovery, this amount should be compared to the amount of nitrite admixed per gram of the same 
concrete if it were oven dried, as followj. 

The evaporable water content of the powdered sample can be obtained by drying a known 
amount of the powdered sample in a 105 "C oven to a constant weight. For the purposes of these 
analyses the water content b is defined as the difference between the origirlal weight and the dry 
weight of the powdered sample divided by the dry weight of the powdered concrete: 

where 
b = % (evaporable) water in powdered sample 
Wo = original weight of the powdered sample 
W, = oven-dry sample weight 

From the mix design, the amount of nitrite per gram of as-mixed concrete is known. This 
amount can be approximately converted to the amount of nitrite per gram of the same concrete if it 
were oven dried. The weight of this hypothetical oven-dry concrete expressed as a percentage a of 
the as-mixed concrete can be estimated by Equation A1-2, assuming that any nonhydrated water is 
evaporable [A 1 - 11: 

where 
I 

W, = total weight of the as-mixed concrete 
Ww = weight of water in the concrete mix 
W,, = weight of coarse aggregate in the concrete mix 
(AC) , = absorption capacity of the coarse aggregate 
W,, = weight of fine aggregate in the concrete mix 
(AC) , = absorption capacity of the fine aggregate 
a = degree of cement hydration 
Wc = weight of cement in the concrete mix 

Finally the nitrite recovery is equal to the amount of measured nitrite per gram of oven-dry 
concrete (obtained from the extraction) divided by the amount of admixed nitrite per gram of 
hypothetical oven-dry concrete calculated from the mix design and application of Equation A1 -2. 

For example, using 2.00 g of a powdered concrete sample from cylinder CI (Table I ) ,  after 
extraction the final volume of extracting solution is 500.0 mL, the dilution factor is 25.0, and the 



absorbance of this final dilution is measured to be 0.3462. The extracted nitrite amount in this 
sample is calculated by: 

0.3462 -. 25.0.0.500 = 4.74 mg extracted NO - 
0.913 z 

where 

0.91 3 = spectrophotometric calibration factor, L/mg 

A 1.0453-g sample of the same powdered concrete is oven dried, and the measured dry weight 
of this sample is 1.0200 g. The water content of this sample can be calculated by: 

and the measured amount of nitrite per gram of oven-dry concrete can be calculated by: 

4.74 
= 2.43 mg of NO -/g of oven-dry concrete 

2.000. (1 - 0.0248) 2 

For the calculations shown below, the absorption capacities of the limestone coarse aggregate 
and sand fine aggregate were assumed to be 4.5% and 0.5%, respectively, based on the properties of 
the typical materials used in this laboratory. The degree of hydration was assumed to be 0.65, and is 
consistent with values reported by Mindess and Young.(*-') (Substituting 0.50 or 0.75 as the degree of 
hydration changes the result of average recovery to 99% and 10 1 %, respectively, less than one 
standard deviation). The weight of the hypothetical oven-dry concrete expressed as a percentage of 
the as-mixed concrete is obtained by: 

As noted in Table 1, the amount of admixed nitrite was 2.46 mg of NO -/g of as-mixed concrete, so 
the amount of nitrite per gram of hypothetical oven-dry concrete is calzulated by: 

2.46 
------ = 2.65 mg of NO -/g of hypothetical oven-dry concrete 
92.8% 2 

Finally the nitrite recovery is calculated by: 

Reference: 
A-1. S. Mindess and J. F. Young, Concrete, Prentice-Hall, Inc.,Upper Saddle River, NJ, p. 103 1981. 
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APPENDIX 2 

APPARENT DIFFUSION COEFFICIENT CALCULATIONS 

Value of Dl. 

The calculation based on the slope of the CFL vs. t ' /2 curve at early times (yielding the value D l )  is 
illustrated for the data for specimen of DCI-C2-1, test #2 in Figure 3. 

The slope for 0.02 c CFL < 0.2 was calculated by least-square-error fit of the data for that interval, 
yielding: 

The specimen dimensions were 15.2 cm diameter, 4.6 cm height. 

Surface area S = 2 x n: x (151.2)~ /4+ n: x 15.2 x 4.6 = 583 cm2 
Volume V = n: x (15.2)2 / 4 x 4.6 = 833 cm3 
S N =  0.7 cm-I 

Per Eq. (2): Dl  = n: x (1.17 x 10-4 sec - I t 2  12)' x (1 / 0.7 ~ m - ' ) ~  = 2.19 x cm2/s 

(reported as 2.2 x cm2/s) 

Value of D2: 

This calculation is illustrated for the data from specimen 6 (DCI-PI-1 in synthetic seawater) in 
Figure 4. In this case CFL > 0.2, and the result is obtained using Eq.(3) and designated as D2. 

Specimen dimensions were 7.6 cm diameter (d), 2.5 cm height (1). 

Ratio l/d = 0.33 

at t = 7.8x106 s, CFL = 0.208 

Value of G from Table 1 in Reference 15, for l/d=0.33 and CFL = 0.208 (rounded off to 0.21), 
obtained by interpolation: G - 3.8x10-' 

Per Eq. (3): D2 = 337x10-4 x (7.6)2 / (7.8x106) cm2 /S = 2.8 x cm2/s 



APPENDIX 3 

PORE WATER NITRITE CONTENT EXAMPLE CALCULATION 

Evaluations of nitrite content in the pore water were made by assuming that in specimens equili- 
brated to a nearly 100% RH environment the capillary pores were completely filled with water. Of 
the total nitrite admixed, only a fraction was found to be present in the pore water. Concrete speci- 
mens with admixed 5.8 kg of nitrite ion per m3 of concrete were found to contain pore water with a 
nitrite concentration of 0.2 M. The molar concentration in the pore water was found to be approxi- 
mately proportional to the total admixed amount, an indication that nitrite binding is approximately 
linear in nature. 

If one assumes that the capillary porosity of concrete is E = 0.1, then 1 m3 of concrete would contain 
100 L of pore water. As the molecular weight of the nitrite ion is 46, the 0.2 M in the above example 
corresponds to 0.046 kglmol x 0.2 mol/L x 100 Llmkoncrete = 0.92 kg nitrite / m%f concrete. 
Since the admixed amount was 5.8 kg / m3, only (0.92153) x 100 - 16 % or about 116 of the nitrite 
was estimated to be present as free nitrite in the pore water . The remaining 4.88 kg/m3, or about 
516 of the total admixed amount, is considered to be bound elsewhere in the concrete. This is only 
a rough calculation as it strongly depends on the assumed value for E. Thus if E were 0.15 instead of 
0.1, the estimated fractions of free and bound nitrite would have been about '/4 and % respectively. 
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